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FOREWORD
Thir, Appendix to the; I'lnul Report on the Payload Effects Follow-On Study
(NAS W-2312) contains copies of four previously-issued interim report." on
separate tasks of the Payload Effects Follow-On Study:
• Task 1.1 Mission Analysis LMSC-A999035
• Task 1.3 Parametric Analysis of LMSC-D154649
Standard Space Hardware
• Task 1.5 Preliminary Shuttle/ LMSC-D154600
Payload Constraints Analysis
• Task 1.8 Cost Impact of Low-Cost LMSC-D157918
Standard Space Hardware
The highlights and summary of results of these tasks have been included in the
basic Final Report, LMSC-D157926, dated 30 April 1972. For purposes of general
reference and for some detail data which were not included in the Final Roport,
copies are provided herewith.
In some cases the data initially issued in the separate task report has been
updated. added to, or replaced in the Final Report. Wo effort has been made
to update the separate reports bound herein; however, minor corrections have
been made in an attempt to eliminate any conflict of data in the separate task
reports and the Final Report. If any data conflicts are found, the Final Re-
port is the preferred reference.
No special indexing is provided for the data herein. Each is reprinted com-
plete, including cover page and table of contents. All pages within a single
task report bear the same LMSC report number in the upper right hand corner.
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, , . . , . SUMMARY OF CONTENTS
The four reports contained in this Appendix are summarized, in outline form,
following.
a. Task 1.1 Mission Analysis (^ 3 pages)
Task 1.1 was the initial effort in the study. It included the following
elements of work:
(1) Consolidation and expansion of mission-equipment and experiment
characteristics
(2) Evaluation of overall mission requirements in four categories :
• LEO
• Syneq
• Other High-Energy Earth Orbit
• Planetary
(3) Analysis of reassignment of missions from Syneq to elliptical
or LEO
(4) Analysis of TDRS impact on LEO spacecraft
(5) Determination of commonality of LEO missions relevant to spacecraft
supporting subsystems
(6) Determination of candidates for LEO mission combination by:
• orbit grouping
• Standard Spacecraft
• Cluster Spacecraft
(7) Determination of simplified Shuttle flight schedule by:
• use of common orbits
• multi-mission placements and revisits
iii
LOCKHEED MISSILES & SPACE COMPANY
IMSC-D157926
Appendix
b. Task 1.3 Parametric Analysis of Standard Space Hardware (l44 pages)
This task effort was started with an extension and deepening of the Task 1.1
Mission Analysis, continued through cost impact analyses of payload program
variants, and concluded with selection of low-cost standard space hardware
for a least-cost NASA space program. The elements of the analyses are out-
lined following:
(1) Establishment of payload cost-optimization methodology
(2) Cost impact analyses comprising:
• Spacecraft design life (MMD) vs cost
• Spacecraft reliability/confidence-level vs cost
• Spacecraft maintenance (repair/refurb) vs cost
• Combination effects of MMD, reliability,
repair/refurb
(3) Final selection of common LEO orbits
(4-) Analysis and selection of standard spacecraft hardware:
• Standard subsystems and modules
• Standard spacecraft
• Cluster spacecraft
c. Task 1.5 Preliminary Shuttle/Fayload Constraints Analysis (I2k pages)
Using the NASA Baseline Shuttle as a reference, with updating resulting from
alternate concept studies under the NASA/MSC cognizance, a rather thorough
analysis was made, comparing (l) the Shuttle operating characteristics, per-
formance, and payload support capability to (2) the composite requirements of
unmanned automated payloads. The constraints of the Shuttle system upon the
planned low-cost and standard payloads were determined and the impacts upon
the Shuttle of the payload requirements were summarized.
The principal elements of this task were:
(l) Inspection of Shuttle characteristics
LOCKHEED MISSILES & SPACE COMPANY
IMS C-D15 7926
Appendix
(2) Description and classification of Payload characteristics re:
Shuttle system
(3) Anulynic of Shuttle/Payload interfaces and interface equipment
requirements
(4) Establishment of Payload support requirements within the
Shuttle
(5) Description of Shuttle system constraints upon Payload design
and operations
d. Task 1.8 Cost Impact of Low-Cost Standard Space Hardware (12^  pages)
This task effort included the preparation of program plans and detail cost
estimating of the various low-cost and standard spacecraft point designs, the
computerized summarization of cost and program data, and the determination of
unmanned payload space program costs, time-spread over period 1979-90-
The primary efforts in the task were:
(1) Preparation of program plans and cost estimates for point designs :
• Standard Subsystem Modules
• Mission-Peculiar Spacecraft
• Standard Spacecraft (3)
• Cluster Spacecraft (2)
(2) Capture analyses for 45 NASA plus non-NASA missions
(3) Computerized preparation of new Shuttle/Tug flight schedules for
each of 45 programs
(4) Computerized cost summaries for:
• Low-cost, refurbishable spacecraft
• Standard subsystems in mission-peculiar spacecraft
• Standard Spacecraft
• Cluster Spacecraft
(5) Preparation of special cost summaries:
• Effect of 1985 Tug IOC date
• Transportation costs (Shuttle/Tug)
• Discounted vs non-discounted costs
• RDT&E vs Unit vs Operations Costs
(6) Analysis of economic impact of low-cost and standard spacecraft on
total space program (91 programs) for 1979-90.
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INTRODUCTION
IMSC is performing a study for NASA/HQ under Contract NAS W-2312; this study
has an its principal objective, determination of the economic impact upon the
1979-1990 NASA space program of implementation of standard spacecraft hard-
ware for the automated (unmanned) missions in three categories:
a. Standard subsystems - to be utilized in mission-peculiar
payloads
b. Multi-Mission Standard Spacecraft - to replace single
mission-peculiar spacecraft
c. All-Mission Cluster Spacecraft - to replace large groups
of mission-peculiar spacecraft
The ctudy will limit the application of the Standard Spacecraft and Cluster
Spacecraft to low-earth orbit (IEO) regimes. The standard subsystems will be
applied to all missions on the NASA/HQ "Fleming" mission model of March, 1971.
The study scope also includes the analysis of missions and their assignment
to particular orbits. Reassignment of certain missions from Synchronous Equa-
torial (Syneq) orbit to elliptical or IEO orbits to obtain economic or opera-
tional advantages is to be assessed. Also, the reassignment of payloads in
different orbits to common orbits (to allow simpler delivery and maintenance/
revisit by the Space Shuttle) is to be investigated.
The first task in the study is Task 1.1, Mission Analysis. This report sum-
marizes the analyses performed by IMSC in this task and provides conclusions
and preliminary data which will be used in a later payload program cost optim-
ization analysis in Task 1.3.
This report is submitted for NASA review and comment in accordance with the
documentation requirements of the IMSC Study Plan. The report has been
iii
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compiled using chart concepts: (l) presentation charts to show the basic
data are identified vith a suffix letter "b", "c", etc. A brief discussion
oi' the data shown is included in a mating chart, identified with the same
number but a cuffix letter "a".
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Section 1
INTRODUCTION
1.1 BACKGROUND • •
IMSC in porforming a study Tor NASA/HQ under Contract NAS W-2312; this study
has as its principal objective, determination of the economic impact upon the
1979-1990 NASA space program of implementation of standard spacecraft hardware
for the automated (unmanned) missions in three categories:
a. Standard subsystems - to be utilized in mission-peculiar
payloads
b. Multi-Mission Standard Spacecraft - to'replace single
mission-peculiar spacecraft
c. All-Mission Cluster Spacecraft - to replace large groups
of mission-peculiar spacecraft
The study will limit the application of the Standard Spacecraft and Cluster
Spacecraft to low-earth orbit (IEO) regimes. The standard subsystems will be
applied to all missions on the NASA/HQ Mission Model of March, 1971-
The study scope also includes the analysis of missions, their assignment to
particular orbits, and the possible reassignment of payloads from different
orbits to common orbits (to allow simpler delivery and maintenance/revisit by
the Space Shuttle).
The study builds on the results of the previous Payload Effects Analysis Study,
Contract NAS W-2156, which identified the basic principles of low-cost space-
craft design and operation. Among these were: (l) cost reduction obtained by
the removal of payload weight and volume constraints; (2) cost reduction by use
of simplified hardware designs with minimal and "mandatory-only" ground testing;
(3) use of on-orbit repair, payload retrieval, refurbishment, and reuse to ob-
tain significant reductions in spacecraft hardware costs. All of these cost-
reduction techniques are also applied in the current study.
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In addition, the effects of spacecraft standardization, cursorily outlined in
the previous study are emphasized in this study.
1.2 OUTLINE OF STUDY TASKS
Figure 1-1 illustrates the various tasks of the Bayload Effects Follow-On Study
and indicates the data flow between the tasks.
1.3 OUTLINE OF TASK 1.3
Task 1.3 makes use of and updates the results of the Mission Analysis, Task 1.1
(documented in LMSC-A999035 dtd 15 November 1971). The preliminary analysis of
experiment and spacecraft requirements and the application of standard spacecraft
hardware elements to common-orbit missions has been further investigated in Task
1.3- The data from point designs developed in Task 1.2 have also been applied
to Task 1.3.
Figure 1-2 lists the basic steps taken in performing Task 1.3- The primary trade-
off parameters subject to analysis in Task 1.3 are shown on Fig. 1-3. These vari-
ables were used in determining the standard space hardware which should be applied
to the NASA Mission Model to obtain the lowest-cost space program (for unmanned
payloads). Separate cost optimizations were established for:
a. Standard Subsystems
b. Standard Spacecraft
c. Cluster Spacecraft
1-2
LOCKHEED MISSILES & SPACE COMPANY
ON
r
CO
CD
0
COd
CO
CD
CO
a
to
co
TO
CO CO
£ 8
r
OJ
r
l
.2
«/>
uo
s >• _j
00
F-i
I
I - - __<__ —.—
if
!i
1
VQ
If
III
5t±2 « ao c
 aCD cn ^
C
JO
a.
CO
III
•H CD c: co
J "TTT O
O „,
•*—• , '
ro f^
C CD
^- O O"
<£ C "Z>
— O CD
: o a
.^  o3
it!
CO C O
d. < O
f
O
•«• •
>-.
COQ_ (
CO
e .—
CD *EI—" ._
-O O
CO
o
Q. CD/> oe: Co
CO
•«->
CO
a. 03
1 1
T1
1 1 1
1
 'I I
_J
P-1-J.II
I I
£1
 >-- I
_____J
„ I
UJ
ra
tr
o
00
.CO
*co
"co
u
1
C
O
o
OJ
OJ
CVJ
00
CO
c
to
"to CD
TO £
•5«e co
o ^*
C co
^5
0}
-p
08
o
1
0)
fn
to
15
•s
-p
CO
hO
•I-J
1-3
LOCKHEED MISSILES & SPACE COMPANY
1
O
s
t^r •" •
o
•r—
CO
O
O
^<c
o
o
D_
d
^O^
Q_
C£ oo
0 E
LJ-. <D
H 
ME
TH
OD
OL
OG
Y
St
an
da
rd 
Su
bs
ys
l
CO
ZJ
ca ^
<C i — >
CO
UJ
^^^
>N
c
o
O
UJ
-.I
.
CO%_
o
CD
O
CO
CD-
CO
•a
CO
•a
c
CO
CO
tr
o
CO
co
¥
~S
i^
^^
"c.
0
o
UJ
1
o
co
Q.
CO
CD
UO
O
—
CeL o
UJ «
tj 2
^ .E
TR
AD
EO
FF
 
PA
RA
/
Ex
pe
rim
en
t C
om
b
g-
fz
!• «a
~^_
d
CO
C
.2
•*— '
CO
c
Sp
ac
ec
raf
t C
om
bi
e
•4— •
C
CD
^
k*»
C
'co
CO
co
o>
C£
O
CO
t—
Or
bit
 
Co
mb
ina
tio
l
«
o
•^ ••
^^^^
• •HM
15
.2
U3
^•+~*c
CD
E
Re
pa
ir/R
efu
rbi
sh
e
->— *
15
Sh
utt
le/
Tu
g 
Ca
pa
&
<
o
Q_
UJ
O
ex.
CO
1—
CO
0
o
<
=
s
s
~
z>
a:
o
UL_
CO
o
H-
CD
O
Z3
JZ
Q-
0
LU
^ci
UJti
Q
O>
"co
CO
Q.
O>
CO
' — '
3
o
i
C
CO
•
«••
oO)
o
CO
Q.
CO
Ex
pe
rim
en
ts 
an
d
«
CO
Sh
utt
leA
"u
g 
Re
vis
Pr
efe
rre
d 
Or
bit
s
« 0
O
•H
-P
O
0)
CO
oI
08
CO
•H
CO
r-l
Q)
O
•H
-P
0)
ro
•
rH
OJ
no
•H
CO
LOCKHEED MISSILES & SPACE COMPANY
=3
CO
4243.2
CO CO O
03
o
=3
"8
«/>
22
.
a ICO
c.
o
s
rv>
cu
-p5>
<H
CM
O
CD
"3
O ul oO OO
O
o
CO
CO
O
O
UJ
0£
<
UL
<
CO
o
O
Du
CO
0
CO
•W-
^
00
O
I—
N
Q_
O
CO
UJ
UJ
•p
o
a)
<H
^
-p
CO
5
o
•r-l
CO
A
CO
I
1-5
LOCKHEED MISSILES & SPACE COMPANY
Section 2
SUMMARY
The objective of Study Task 1.3 is to explore the impact of standardized space-
craft design and operations upon the cost of payload programs and select the
standard spacecraft elements which will provide the lowest-cost space programs.
The application of hardware standardization has been combined with the use of
common orbits to allow sharing of transportation costs and simplification of
orbital maintenance and refurbishment.
Section 3 describes the methodology, the approach taken, and assumptions made
for payload program cost optimization. It also describes the basic differences
between spacecraft hardware standardization for mission-peculiar S/C, Standard
Spacecraft, and Cluster Spacecraft.
Section ^ provides an analysis of the relationships between spacecraft operating
life (mean-mission duration - MMD) and repair and refurbishment and their re-
spective influences upon spacecraft and transportation costs. Tradeoffs of
these parameters are described and optimum MMD's are shown for spacecraft in
LEO and Syneq-orbit. Also, the cost variants resulting from use of alternate
failure rates and on-orbit checkout and repair are explained.
Section 5 describes the effect of orbit relocation on payload performance and
includes recommendations for the selection of common orbits to allow cost-
minimization of Shuttle payload-placement and revisit flights.
Section 6 describes the process and the results of matching standard spacecraft
hardware to the requirements of the mission model and selection of preferred
standard elements within the categories of:
• Standard Subsystem. Module applied to mission-peculiar spacecraft
• Standard Spacecraft substitution for single mission-peculiar spacecraft
• Cluster Spacecraft substitution for groups of mission-peculiar spacecraft
2-1
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Section 3
METHODOLOGY FOR PAYLOAD PROGRAM COST OPTIMIZATION
Early in the Payload Effects Analysis effort it was found that the cost of pay-
load design and operation for minimum payload program cost was a strong func-
tion of space transportation costs. In addition, it was shown that in the case
of the Shuttle/Tug system the ability to retrieve and return payloads for refur-
bishment and reuse changed the environment of payload operation and led to large
additional savings in terms of payload program costs.
The Task 1.3 effort has developed a more in-depth analysis of (l) the inter-
relationships of spacecraft MMD, reliability, repair and refurbishment frequen-
cies, residual values of retrieved spacecraft modules; and (2) the spacecraft
cost impacts of these various parameters. This section describes the method-
ology used in performing Task 1.3.
3.1 TRADEOFF PARAMETERS
The parameters influencing the cost of payload procurement, orbit placement,
and operation are interrelated in numerous ways. For the assessment of first-
order trends it appears permissible to consider only the principal affecting
factors.
Figure 3-1 lists the main tradeoff parameters and the primary considerations
involved.
3.1.1 Orbit Combinations
The effects of orbit combinations evaluated in Task 1.1 have been reviewed with
respect to the suitability of the selected common orbits. The principal concern
was with the sensitivity of the initial mission requirements to any change on
orbital position.
3-1
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3.1.2 Multi-Mission Deployment and Revisits
The capability of the Space Shuttle for multiples-pay load launch and revisit has
"been explored in Task 1.5 (see IMSC/D154600, dtd 2^  Dec 1971) with.particular
emphasis on the multipayload orbit constellation. In order to evaluate the im-
pact of low cost payload design, including the various implications of standard-
ization, on Shuttle traffic; the Shuttle payload delivery and/or retrieval capa-
bility must be known as a function of the Shuttle orbit maneuvering requirements
in the projected common orbits-
3-1-3 Multi-Mission Usage of Standard Subsystems Modules and Spacecraft
The benefits of standardization have been cursorily explored in the Final Report
of the initial Payload Effects Analysis Study (see IMSC/A990556, dtd 30 Jun 1971).
It was found there that considerable savings can be realized if subsystem R&D
costs are shared by several programs. It was pointed out, however (and this con-
tention was carried over into Task 1.1 of this study), that the provision of a
limited spectrum of standard subsystems options may lead to an "overkill" of the
spacecraft requirements; e.g., application of a standard subsystem to a particu-
lar mission could provide an excess of capability over the mission-peculiar space-
craft requirement, thereby increasing the unit cost of the spacecraft. To avoid
this potential cost increase, the newly-developed subsystems are standardized at
the module level and even provide for variants of plug-in components in some
cases. -
Further, it was found that, with or without subsystem standardization; addition-
al benefits can be derived from sharing of spacecraft R&D costs by configuration
of a small quantity of multi-purpose Standard Spacecraft (each able to support
several missions, one at a time).
3-1.^ Combination of Payloads Into a Cluster
In cases where payloads can operate in common orbits, and where schedules for
placement and support functions can be made compatible, the logical next higher
level of spacecraft commonality can be employed; this is the Cluster Spacecraft.
Theoretically this concept can be implemented with or without the benefit of
3-3
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r;tandarrJize(] subsystem;:.. However, it is easy to see the potential for syner-
//i:;tic cor.;t-r;aviny effects if'standardized subsystems are utilized to supple-
ment the transportation cost-sharing in the Cluster scheme. Furthermore, the
use of standardized subsystems and interfaces makes it plausible that Cluster
spacecraft capability can be tailored in a modular fashion, making it possible
to expand or alter the orbiting Cluster Spacecraft and its mission-peculiar ex-
periment packages.
3.1.5 Influence of Payload Repair/Refurbishment/MMD
The availability of lov-cost space transportation with excess payload capability
in the form of a Shuttle makes payload revisit for orbital maintenance and/or
refurbishment possible. In addition, the basic Shuttle payload deployment mode
incorporates facilities and procedures for pre-deployment checkout which will
also accommodate the required payload diagnostic tests in the revisit case.
There are several types of revisit activities:
* Adjustment of systems and replenishment of consummables
This is a scheduled routine activity which may be performed on space-
craft or experiment systems, or both. The quantity and intervals be-
tween such payload revisits are tradeable against payload design fea-
tures such as larger propellant tanks, larger rolls of film, alternate
modes of film/data recovery, etc., depending on the type of the payload.
• Orbital repairs
On the basis of the payload reliability characteristics, and its design
operating life, the incidence of major failures needing repair can be
predicted. Repair flights can be initiated on a scheduled or demand
basis, depending on the availability of payload on-board equipment re-
dundancies and the penalty for outage time. The operating lifetime of
a payload using the Shuttle revisit capability can thus be extended over
a multiple of the equivalent expendable payload (unattended) lifetime.
LOCKHEED MISSILES & SPACE COMPANY
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• Refurbishment/MMD ; • . . .
After an extended period of operation with preventive-maintenance and/
or repairs, a payload is ready for a major overhaul or refurbishment.
For this purpose the payload may be retrieved and in-orbit or ground
refurbishment can be accomplished.. Refurbishment of the spacecraft in.
this analysis comprises the replacement of all equipment modules in the
spacecraft with-new or refurbished modules; the spacecraft then has the
same operating life expectancy as when it was initially placed in orbit.
The failed/used modules are returned to earth and completely refurbished
by replacement of new or refurbished components. In certain cases, where
refurbishment of components is cost-effective, new parts are installed
during the component refurbishment. An examination of parts, labor costs,
and re-testing costs must be accomplished to allow selection-of "new" or
"refurbished" components. Finally, a tradeoff of spacecraft/module/
component operating life (MMD) against repair and refurbishment time
.schedules must be made to assure a cost-effective plan.
Spacecraft operating life (MMD) is a strong cost driver both for R&D costs and
for Unit costs. With a given MMD, a spacecraft can be made to operate for vari-
ous, total program durations dependent upon the degree and scheduling of repair
and refurbishment. Because these support activities mainly incur Shuttle trans-
portation costs, the stage is set for a tradeoff between MMD and repair/refur-
bishment intervals. In performing .this tradeoff, the following considerations
are present:
• Accessibility of payload to the Shuttle (orbital vs planetary payload)
• Energy level of orbit (Low earth orbit vs.Syneq) .
• Number of payload placements' or revisits sharing the transportation
costs
• Number of missions combined into one cluster spacecraft
3-5
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3.2 STANDARD SUBSYSTEM APPLICATION TO MISSION PECULIAR SPACECRAFT
The use of standard subsystems has been previously identified as one of the
means to reduce spacecraft costs both in R&D and recurring costs. The appli-
cation of standard subsystems to mission peculiar spacecraft represents the
most logical first step in the introduction of spacecraft standardization.
3.2.1 Mission Assumptions
The mission data provided by NASA for this study vas the Aerospace Corporation
modification of the NASA Mission Model as documented in "Case A" and "Case C"
of Aerospace report No. ATR-72 (723l)-l, Vol. V, dtd August 1971. The mission
objectives were based on the Aerospace report No. ATR-71 (7231)-11, Vol. II,
"NASA Payload Data", as updated and supplemented by an IMSC survey of NASA and
NASA-funded sources including NASA Headquarters and field center offices.
3.2.1.1 Baseline Spacecraft Mean Mission Duration (MMD). The MMDs specified
by Aerospace in the Case A have been used for the LMSC "baseline" for this
study.
3.2.1.2 Spacecraft Characteristics. The LMSC "baseline" spacecraft will in-
clude the attributes of low-cost and re furb is liability. The equivalent "stan-
dard" spacecraft hardware will include these same characteristics. The delta
costs for the impact of standardization can thereby be derived by subtracting
the cost of the standard hardware programs from the cost of the baseline pro-
grams .
3.2.1.3 Spacecraft Weight and Volume. The use of low-cost and refurbishable
spacecraft for each of the missions will require increased-weight and -volume
estimates for the spacecraft. LMSC has established these new estimates; they
are established as equal for both baseline and standard-hardware versions of
the spacecraft (for any single mission).
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3.2.1.^  Baseline Shuttle 'Traffic. Both the baseline payloads and the standard
-hardware payloads will be placed and revisited by the Shuttle. Because of the
incroarjr.'d weight/volume of the spacecraft, IM3C will re-do the capture analysis
and establish an altered Shuttle traffic model for the baseline.case.
3-2.1.5 Baseline Payload Quantities. New payload quantities have been estab-
lished, using the results of the IMSC capture analysis. The actual quantity
and type of payloads in orbit at any one time will be identical to Aerospace
Case A. However, refurbishment of spacecraft will be applied to some missions
which were not scheduled for refurbishment by Aerospace; this will alter the
quantities of new spacecraft required versus the spacecraft replacement modules
needed for repair and refurbishment.
3-2.2 Basic Requirements for Standard Subsystems
To derive the greatest economical benefit from standardization, a balance must
be found between minimization of R&D costs and minimization of recurring costs.
The first leads to the formulation of the smallest spacecraft equipment matrix
that will do the job so that the smallest amount of R&D can be spread over the
largest number of mission applications. The second leads to the selection of
equipment module variants to cover the spacecraft performance requirements with
a minimum of "overkill" or excess performance. It has been found that a com-
promise is possible by either standardization at the module level (several
modules to a subsystem) or, one step further; by creating module variants by
employing optional plug-in components within the modules. .
The following approaches have been employed :
a. Breakdown of hardware to module level
To completely eliminate "overkill" at the subsystems level would'lead to
such a-large number of equipment variants that it would largely defeat the
desire for standardization. The compromise approach is therefore to insti-
tute standardization at the module level. This permits the satisfaction of
mission-peculiar subsystem requirements with a minimum of overkill.
3-7
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b. Basic Modules with Variants
This is a refinement of the module approach which allows a further re-
duction of basic module variants. Each basic module can be varied by
addition of a component, deletion of a component, or exchange of one
component for another. Because all the components are designed as
plug-in units themselves, the external interfaces of the module with
the spacecraft would not be altered.
3.2.3 Assignment of Standard Subsystem Modules to Missions
On the basis of the performance and operational requirements previously laid
down for subsystems, a tentative family of modular subsystem options can be
generated. In subsystems with very expensive components (like GNSC or CDPI)
additional variants may be provided by plug-in of optional components.
The applicability of these variants to the mission model will then be tested
by assuring that each mission described by the updated NASA Mission Model is
satisfied by a mission-peculiar spacecraft design with standard subsystem mod-
ules installed therein. A matrix will be constructed listing all missions and
the appropriate standard subsystem modules assignment. The performance and op-
erating life of each module selected will equal or exceed the mission-peculiar
spacecraft requirements. Using this mission-by-mission assignment, and in-
specting frequently to assure the application of each module variant to the
maximum quantity of missions, will assure a near-minimum cost approach.
3-3 STANDARD SPACECRAFT APPLICATION TO LEO MISSIONS
Standard spacecraft are multipurpose spacecraft; they are able to support one
of several different experiment packages, one package on any particular mission.
To do this the standard spacecraft may either carry the subsystem modules satis-
fying the most demanding mission every time, or it may make use of such alter-
nate plug-in modules whose capability more closely matches the requirements of
the particular mission to be flown.
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3-3.1 Mission Assumptions
3.3.1.1 The Mission Used for Costing Purposes. The mission requirements des-
cribed in 3.2.1 apply except that (per NASA direction) only the LEO missions
are to be considered for Standard Spacecraft application.
To allow direct cost comparison of the Standard Spacecraft approach with the
standard subsystem approach, each Standard Spacecraft will fly .the same.mission
as the equivalent baseline mission-peculiar spacecraft, the spacecraft MMD will
be the same as the baseline, and the repair/refurbishment schedules will be
identical. In this way, the effects of standardization (in this case, the ap-
plication of Standard Spacecraft to replace mission-peculiar spacecraft) upon
program cost can be readily determined.
3.3.1.2 Effects of Optimized Missions. The aspect that has been reserved for
optimization at this time is spacecraft MMD versus cost. The other trades are
assumed to have been concluded previously and have resulted in lower costs with
use of Standard hardware. There is, however, a further cost reduction attain-
able by optimizing Spacecraft MMD versus repair/refurbishment level and sched-
ule . The objective is to find the MMD for which total program costs are mini-
mized. Section k will go into details of this determination.
3-3.2 Basic Requirements for Standard Spacecraft
3-3.2.1 Task 1.1 Report History. The evaluation of standard spacecraft per-
formed in Task 1.1 of this study was based on the premise that hardware was
standardized at the subsystem level without the benefit of module or plug-in
component options (Fig. 3-2). On this basis, a relatively large number of dif-
ferent standard spacecraft were formulated with resultant considerable overkill
for a particular mission. One exception was made: allowing equipment variants
in standard spacecraft SSC-1; this served to indicate the usefulness of the al-
tered approach to be used in Task 1.3 analysis.
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3-3-2.2 Subsystem Modules for Standard'Spacecraft. In laying out the poten-
tial standard subsystem variants for standard spacecraft application, it was
recognized that these could be the same as for mission-peculiar spacecraft.
Although not a groundrule of the study, an attempt will be made to select stan-
dard subsystem modules for the Standard Spacecraft from the same set of standard
modules which were applied to the mission-peculiar spacecraft. Additional mod-
ules or module variants may be needed to fill out the complement of modules re-
quired for a particular Standard Spacecraft.
3.3.2.3 Variants of Standard Spacecraft Types. The tentative determination of
standard spacecraft variants in Task 1.1 established five different types of
standard spacecraft. It has since been found that by the use of subsystem mod-
ularization, the number of standard spacecraft variants can be reduced consid-
erably.
Point designs have been created in Task 1.2 of the study for two basic types of
Standard Spacecraft: (l) an Earth Observatory-type and (2) a COMSAT-type. A
point design of a third type is currently being developed; a Large -Astronomical
Observatory type which will accommodate the HEAD, LST, LSO, and LRO missions.
Variants of these basic point designs will be considered for application to the
Mission Model as Standard Spacecraft. .
3.3-3 .Assignment of Standard Spacecraft to Mission Model
Among the various possibilities for LEO Standard Spacecraft there are 'two
"natural" contenders: (a) One type for low inclination orbits to support the
observatory missions LST, LRO, LSO, and HEAO, and (b) another type for sun-
synchronous orbits to support the EOS-type missions. The provision of plug-in
type variants to the modular subsystems maintains requirements-overkill at a
minimum. In effect this approach to subsystems implementation seems to be so
flexible, that the only-basic differences between standard spacecraft types
will be in terms- of physical experiment support, which will be reflected mainly
in the detail spacecraft structural concept and design.
3-11
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Assuming the implementation of the aforementioned two types of standard space-
craft, there remains a group of missions with small experiment packages, and
with support requirements that could be satisfied on a modular basis by a
yle third standard spacecraft type.
In the present study only LEO missions are considered for the application of
standard spacecraft. Future applications may be usefully expanded to cover
synchronous orbit and other high energy orbit missions. One example for this
is the LMSC-proposed communications satellite (Ref . PE-126) which may be adapted
with minor changes to handle a variety of communications missions in Syneq orbit.
3.^  OUSTER SPACECRAFT APPLICATION TO LEO MISSIONS
Cluster Spacecraft are multipurpose spacecraft that are capable of supporting
several missions at the same time. Within limits, its supporting subsystems
complement can be changed in a modular fashion (in .orbit) to match the require-
ments of later (as yet undefined) missions.
3.^ .1 Mission Assumptions
The mission assumptions described in 3-2.1 apply except that -(per NASA direc-
tion) only the LEO missions are to be considered. The prerequisite for the
forming of a Cluster Spacecraft concept is the coincidence of mission orbits,
and of flight schedules for adaptable pay loads. In other words, here is
another dimension of standardization. Its benefits, which are in addition to
the other potential savings due to space hardware standardization, are derived
from the sharing of Shuttle transportation costs for the placement and servic-
ing of multiple pay loads consolidated into a few super spacecraft or Clusters.
To examine the contention that missions could be flown in common orbits and
would thereby become candidates for clustering, an orb it -re location analysis
was performed as described under 3.^ .2.1. With the sharing of transportation
costs among, missions, the cost of in-orbit payload repair and refurbishment
goes down, i.e., the significance of payload reliability is diminished and the
cost-optimum spacecraft MMDs can be below the baseline mission values. It
should be mentioned here that the benefit of transportation cost sharing is
3-12
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not entirely restricted to 'Cluster Spacecraft. In any realistic Shuttle'traf-
fic schedule the Shuttle will carry various mixes of payloads, propulsion
stages, spare part complements, and maneuvering propellants up to the perform-
ance limit of the Shuttle. Therefore, a certain degree of transportation cost
sharing vill also exist for mission-peculiar and/or Standard Spacecraft. The
peculiar advantages of the Cluster lie in the facts that (l) no maneuvering is
required between its "payloads", and (2) that the number of spacecraft place-
ment launches are reduced, and (3) that the total supporting structural weights
per mission are smaller than for the sum of mission-peculiar spacecraft.
3.^ .2 Basic Requirements for Cluster Spacecraft
3.4.2.1 Task 1.1 Report History
In order to find which missions could be flown in common orbits, and potentially
incorporated into Cluster Spacecraft, the missions were analyzed in Task 1.1 with
respect to any effects of orbit relocation on mission performance. An attempt to
relocate synchronous altitude payloads to low earth orbits failed, however, be-
cause it was found that to duplicate their performance characteristics at low
altitudes an excessive number of payloads would be required. Of the so-called
low-altitude payloads operating up to about 2000 Km (1080 nm) altitude, mostly
earth resources and weather satellites,it was found that their altitudes were
not determined by sensor requirements but by the time of contact with a ground
station available for data readout.
With the use of TDRS for data' relay not only the altitudes were decoupled from
the communications problem but spacecraft on-board data'storage requirements
were all but eliminated and readout data rates reduced by about one order of
magnitude, the latter however at the expense of a high-gain steerable antenna.
It was found- that with few exceptions the LEO missions could be relocated to
two groups of common orbits: low inclination orbits at 600 Km (324 nm) alti-
tude/30 deg inclination, and sun-synchronous orbits at 500 Km (270 nm) altitude/
97-4 deg inclination. Not compatible with either group.were some very low in-
clination (0-28.5°) cases of the Astronomy Explorer A; the multi-inclination
3-13
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eccentric orbits of the magnetosphere-LOW mission; the Gravity/Relativity ex-
periment which must be placed into an exact polar orbit to isolate gravitation-
al effects, rather than into sun-synchronous orbit; the Earth Physics experi-
ment, which can be in sun-synchronous orbit but has to be an independent payload
at a drag-free altitude.
A preliminary delineation of which missions could be handled by a given Cluster
Spacecraft was performed on Task 1.1 as shown in Fig. 3-3- At that time the
groundrule was to implement an all-up spacecraft which would, from the beginning,
be able to support the maximum requirements envisioned during its mission life.
This led to the selection of three types of Cluster Spacecraft. With the adop-
tion of a modular subsystem concept that provides additional plug-in component
options, Cluster Spacecraft can be expanded almost on a continuous scale, and
the primary distinction between Clusters will be, as in the case of Standard
Spacecraft, in the physical accommodation of the experiment packages.
3.^ .2.2 Subsystem Modules for Cluster Spacecraft. If we temporarily assume
that Cluster Spacecraft are the only mode of implementing LEO missions, the
choice of subsystem performance increments would be derived from the smallest
number of missions supported at any one time, namely one or two missions. To
satisfy the increased requirements for power, data transmission, and attitude
control posed by multiple missions, subsystem performance must be adaptable
approximately on single mission increments, depending on the overkill that may
be acceptable. On this basis, it appears that standard subsystems derived for
mission-peculiar applications may be applicable and will provide the necessary
flexibility for cluster spacecraft expansion. Already mentioned, subsystem
MMDs for Cluster Spacecraft can be lower than for missions that do not benefit
from transportation cost sharing. However, practically all Shuttle-launched
missions will be involved in some degree of transportation cost sharing. There-
fore, no overwhelming effect can be expected when it comes to comparing Mission-
Peculiar S/C, Standard S/C, and Cluster S/C. On this basis there is no reason
why standard subsystems suitable for the mission-peculiar case would not also
serve the purpose of the Cluster Spacecraft.
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3.^ .2.3 Variants of Cluster Spacecraft Types. One conglomerate of missions
seems to be predestined to fly on a Cluster; it embraces all the LEO earth ob-
servation missions, earth resources, and meteorology missions. The sensors
for these missions operate with a minimum of mutual interference. The present
LMSC EOS design study explores the aspects of multi-experiment integration
(Ref. LMSC PE-106). Another group of missions with similar support require-
ments are the large astronomical observatories in low-inclination orbit. The
design problems of combining two stellar-oriented observatories (HEAO and 1ST)
are being investigated in the Large Astronomical Observatory point design devel-
opment (Task 1.4 of this study). Here, interference between experiments is
strong and may lead to a requirement for alternating operation. The pair of
solar-oriented observatories, ISO and LRO, present a similar problem of inte-
gration.
It is conceivable that for low-inclination orbit the concept of a multi-mission
Cluster would involve one observatory (e.g., HEAO) and small payloads like the
Astronomy Explorer A and OSO, and that for the other observatory missions the
Cluster concept is for a single mission spacecraft with modular expansion capa-
bility. Task 1.6 will investigate such mixes of spacecraft mission modes (mis-
sion peculiar S/C, standard S/C, and Cluster S/C).
3.5 COST OPTIMIZATION BY VARYING REPAIR/RE HJRB/MMD
The significance of MMD on the requirements for repair and refurbishment on or-
bit has been emphasized repeatedly. A trade analysis leading to minimum pay-
load program costs is discussed in Section 4.
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Section 4
COST IMPACT ANALYSIS - SPACECRAFT MMD, REPAIR, REFURBISHMENT
Because of the direct impact of spacecraft design life upon payload program
RDT&E and Unit costs, considerable emphasis should be placed upon cost-optimi-
zation tradeoffs of this design life with the frequency of Shuttle revisits
for repair and refurbishment. In Task 1.3, this tradeoff has been accomplished;
the approach and results are provided in this section.
4.1 DEFINITION OF TERMS AND RELATIONSHIPS .
Many terms have been applied in previous analyses to describe the parameters
which are traded off in this analysis. An abundance of historical and tradi-
tional definitions also exist. In an attempt to assure the understanding of
the data presented and to allow maximum usefulness thereof, the following def-
initions of terms are provided.
(a) MMD - Mean Mission Duration; The classic definition for this term is:
That expected or mean mission time that a system will perform satisfactor-
ily without resupply, or maintenance, considering all factors. Mathematic-
ally, MMD is defined as the area under the reliability curve from time zero,
to mission truncation time, or the end of the program, whichever is first.
Practically, since the objectives of this study are to consider maintain-
able systems, MMD is considered in this context as expected operating life
without full refurbishment. The rationale adopted is that the operating
life of a system is a parameter of design to the extent that the. system is
required to sustain operations on orbit for n years, where n is 1, 2, 3
x years. However, during the life period, major failure is ex-
pected before the n years point, and at the n years point, or shortly be-
fore, the system will be fully refurbished whether failing or.not. Main-
tenance actions thus include repair (remedial maintenance), partial re-
furbishment (preventive scheduled maintenance) and full refurbishment
U-l
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(total preventive scheduled maintenance). Rirther expansion of this defi-
nition follows in the subsequent text.
(b) Repair; An action taken to restore a failed system to an operating state.
The action may be scheduled or unscheduled, and consists of:
• Diagnosis of the failure condition
• Removal of the failed system element
• Replacement of the failed element with a similar element
in operating condition
• Checkout of the system post-maintenance to assure proper
operation within prescribed limits.
(c) Partial Refurbishment; A maintenance action expected to prevent future
failure. In this study it is assumed that when a repair visit to the sys-
tem becomes necessary to repair a failed system element, other system
elements which have not yet failed will be approaching their theoretical
point of first failure. These latter elements will be removed also and
replaced as assurance that the system will be protected against failures
occurring subsequent to a repair visit.
(d) Full Refurbishment; A maintenance action occurring shortly prior to, or
at the theoretical MMD point of the system, where MMD denotes the useful
operating life terminal point as dictated by the limits of the design.
The action consists of removal and replacement of all dynamic system
elements, whether or not they have exhibited failure. At this point and
for a period of n years thereafter, the system is considered to be in an
"as new" state; n years being considered to be equal to the design MMD.
(e) Maintenance Level (Spacecraft) ; The hardware level at which maintenance
action takes place. Since the systems in question are modularized at the
subsystem module level, all maintenance actions are confined to removal
and replacement of the module, or modules exhibiting failure, or approach-
ing a theoretical failure point.
k-2
LOCKHEED MISSILES & SPACE COMPANY
LMSC-D154649
(f) Accessibility; The degree to which removal or replacement of a failed mod-
ule, or module due for refurbishment removal/replacement, is inhibited by
insitu placement of the module, and/or direct approach path interference
by another module or subsystem element. Accessibility is a design consid-
eration, usually designated by a factor from 1-10 with unity being the op-
timum figure of merit. In all cases considered in this study,' point de-
signs of modules have been oriented toward preservation of an accessibility
factor as close to unity as possible.
(g) Maintenance Interval: That period of elapsed time between any one mainten-
ance action and the next, as scheduled in the overall maintenance program.
The interval is predicated upon expectable wearout rates, and expected
failure incidence.
(h) Combined Effects; -The interactions,'and interrelationships existing among,
reliability, maintainability, MMD, design for redundancy, and overall mis-
sion/program costs, and their impact upon spacecraft cost effectiveness.
4.2 ASSUMPTIONS
In order to perform the analyses set forth in the ensuing text several assump-
tions have been made. These apply to a typical. COMSAT Mission in syneq orbit,
typical scientific experiments missions in Low Earth Orbits, a planetary ex-
ploration mission, and in some cases to all of the missions listed. The as-
sumptions are :
• Maintenance is feasible in high altitude synchronous orbit without
the necessity of descending to LEO to accomplish the maintenance
actions.
• Maintenance in syneq orbit will require the use of a high performance
' reusable tug and a programmable teleoperator.
• To simplify the calculations for this report, both tug and teleoperator
have been considered as failure free; i.e., 100$ reliable.
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• For typical COMSAT missions, payload reliability has been assumed to
be 0.75 with an associated confidence level of 70%.
• To accomplish the CCMSAT mission, k spacecraft simultaneously on-
orbit have been assumed, to provide the necessary traffic coverage.
The spacecraft are assumed to be placed approximately 90° apart. Three
alternate revisit modes are assumed: (l) revisit ^spacecraft with one
Shuttle/Tug flight; (2) revisit k spacecraft with Tandem Tug (2 Shuttles,
2 Tugs); (3) revisit 2 spacecraft with Tandem Tug (2 Shuttles, 2 Tugs).
• A minimum of one repair/partial refurb, and one full refurb visit per
operating life period will be assumed initially and the premise veri-
fied in the analysis.
• For LEO scientific missions it has been assumed that a single Space
Shuttle can (a) transport 2 spacecraft aloft, and (b) revisit two or
more spacecraft on a single flight.
• For one-year planetary exploration missions, it has been assumed that
the spacecraft can be launched from LEO subsequent to pre-deployment
checkout by the Shuttle and repair of failures occurring in launch/as-
cent. A Tug will be needed to impart escape velocity.
• LEO spacecraft of the EOS type have been assumed to be designed for 1,
2, and 3 year missions with the MMD varying accordingly.
• Reliability for the LEO scientific spacecraft, has been assumed to be
0.60 with a confidence level of 6o$. For the planetary explorer space-
craft, reliability and confidence are as per the COMSAT type.
• COMSAT type missions have assumed 1, 2, 3, k and 5 year MMDs for a 5-
year mission, and a 5-year MMD for 5> 7 and 10 year missions, to show
the cost effects.
LOCKHEED MISSILES & SPACE COMPANY
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4.3 TECHNICAL APPROACE AND RATIONALE
4.3-1 MMD Tradeoffs and Optimization
4.3.1.1 MMD Optimization for Syneq Orbit Spacecraft. In accordance vith the
assumptions listed, COMSAT payloads require the use of a Shuttle and reusable
Tug to attain the syneq orbit. The size of the Tug precludes carrying more
than one payload per Shuttle/Tug flight; thus, each payload must be placed in
orbit by a dedicated transportation complex. However, it appears feasible that
a Tug can handle that minimal number of spacecraft spare modules essential to
complete a repair/partial refurbishment visit to all of the spacecraft on orbit
for the mission. Rill refurbishment missions would require that at MMD points,
a Tug flight would be required for each of the spacecraft on-orbit, and the re-
furbishment would then be undertaken on-orbit without return to either LEO or
an earth-based maintenance facility. A typical sequence-of-events is shown on
Fig. 4-1.
Assuming a representative COMSAT mission to be of at least 5 years duration,
situations were hypothecated in which candidate spacecraft were designed for
MMDs of 1, 2, 3, 4 and 5 years. Taking a maintainable 5 year MMD spacecraft
as the point of departure, a program employing 4 of these simultaneously on-
orbit was costed in terms of spacecraft unit costs, RDT&E costs, repair costs,
partial refurbishment costs, and full refurbishment costs; the costs associated
with failure, repair, and refurbishment being based upon the expectability of
failure during the MMD period. Similar estimates were evolved for the 4, 3,2
and 1 year theoretical MMDs. All these cost values were contrasted with costs
estimated for the same MMDs but hypothecating expendable spacecraft.
In all cases the reliability was maintained at the same level, and the same '
confidence value was ascribed. The lower-value MMD spacecraft were synthesized
by estimating the degree of redundancy which could be removed per each module,
and the reduction in.overall testing which would be needed to verify the merit
of each design alternate.
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The exercise was repeated using a spacecraft whose design MMD was 5 years, the
extrapolation now being to fulfill missions of 7 and 10 years duration, repair-
ing and refurbishing the spacecraft as the failure characteristics indicated.
The results were then compared with those obtained by hypothecating a 5-year
expendable spacecraft.
The results of an analysis of the COMSAT syneq missions are described in sub-
section 4.1)-.
4.3.1.2 MMD Optimization for LEO Spacecraft. In studying a typical Earth Ob-
servatory Satellite (EOS) for operation in LEO, a similar approach to that used
for the COMSAT cases was taken. Costs were hypothecated for expendable space-
craft whose MMDs were. 1, 2 and 3 years where the mission to be accomplished was
for 1, 2 and 3 years. The results were contrasted against those obtained assum-
ing maintainable spacecraft of 1, 2 and 3 year MMD to accomplish 1, 2 and 3 year
duration missions. Maintenance varied in direct proportion to the expected
fallibility of the designs. The sequence of events is diagrammed as Fig. 4-2.
The results of the analysis of IEO missions are discussed in par. 4.4.3.
4.3.1.3 MMD for Planetary Spacecraft. In the case of the Mars and Venus mis-
sions (the only planetary missions included in this study) the mission duration
for the spacecraft was assumed not to exceed one year. The MMD for the space-
craft was assumed to be 2 years. In this case most of the one year would be
transit time from earth proximity to planet proximity, during which period the
spacecraft would be in a powered-down state for approximately 9 months. After
launch by the Shuttle the spacecraft cannot be recaptured, so the benefit to
be derived lies in the fact that the Shuttle can check out the spacecraft thor-
oughly prior to launch from IEO and any modules exhibiting .infant mortality or
launch/ascent degradation can be replaced. Costs estimated for this type of
spacecraft were, compared with those using an expendable spacecraft. For sake
of simplicity a Mars mission has been assumed, and the payload has been consid-
ered to be similar to an SEO spacecraft.
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4.3.2 Alternate Analysis
4.3-2.1 Influences for Alternate Analyses. In all of the foregoing exposition,
it has been assumed that the likelihood of a failure occurrence is at or about
the mid-MMD point for. a given design. While this appears to be a tenable prem-
ise, the IMSC-derived Shuttle flight schedule contains double the number of
flights derived by Aerospace to equivalent spacecraft MMDs. The assumption of
mid-MMD failure is worst case because it assumes that any failure occurring .
would require a repair action; historical data contained in a report authored
by Pl.-mriin// Research Corporation, Los Angeles, infer that of all in-flight
failures; reported, only 11$ are such as to negate/degrade the missions during
which the failures occurred. The report is quite voluminous, and is in two (2)
sections.. The first section, PRC-R-948, published March 1967 covers U.S. space-
craft launched during the period 1958 through 1966. The second section, PRC-R-
1453,° covers the period from 1966 through 1970 as an entity, and then covers the
entire period from 1958-1970. This report issued November 1971, thus has three
sections: Section 1 which is a digest of the earlier report; Section 2 which is
an update of the earlier report; and Section 3 in which the data from both Sec-
tions 1 & 2 are composited to give an overall result. While the report suffers
from the fact that it treats anomalies reported (and states the shortcomings in-
herent in such a situation) rather than anomalies occurred; nonetheless it is a
significant work, from the viewpoint of the sizable statistical sample treated.
Because (l) it appears undesirable to disturb the Aerospace Corporation capture
analysis and shuttle flight schedule at this time, and (2) the data on falli-
bility provided by Planning Research Corporation affords insight into the nature
of space failures and their severity, it was decided to offer two (2) optional
alternate approaches to the major treatment of the MMD and major/minor failure
questions (discussed in par. 4.3.2.2 and 4.3.2.3).
4.3-2.2 Alternate Analysis to Validate Aerospace Shuttle Flight Schedule. In
order to conform with the general Aerospace-assigned spacecraft MMDs and capture
analysis, the IMSC spacecraft MMDs have been adjusted. The same spacecraft low-
cost/refurbishable designs have been used, but the MMDs have been synthesized to
compensate for potential mid-MMD failures. Other cost factors have not been
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perturbed. The exercise has been undertaken for IEO type spacecraft, and COMSAT
syncq type spacecraft, and the results are summarized respectively in par. 4.4.3
and 4.4.2. The IEO spacecraft types have been calculated for simplicity on a
basis of one spacecraft in orbit at one time, without any transportation shar-
ing, -i.e., 1 spacecraft requires 1 Shuttle to place it. Conditions postulated
for the syneq spacecraft of the COMSAT type, are 4 spacecraft in orbit as before,
and 1 Shuttle flight can repair/refurbish two failed spacecraft provided that the
•*
orbits are coplanar, and the spacecraft are reasonably close together.
4.3.2.3 Alternate Analysis to Accommodate Major failures Only. Based upon the
data contained in the PRC reports cited, it appears that the majority of on-
orbit failures have little effect upon on-orbit performance. The PRC data con-
tain a large number of anomalies about which for one reason, or another no valid
adjudication could be made. Thus, the validity of the 11$ figure is less than
total. As a conservative approach, a 50$ factor has been used. This states that
of all on-orbit failures only 50$ negate or degrade operations on-orbit. However,
from the same report, which of necessity is based upon expendable spacecraft, the
fact emerges that 45$ of all reported failures occur within the first 100 hours
of launch. With the Shuttle available to check out and repair the spacecraft
both prior to placement in orbit, and for a short period post placement, it ap-
pears reasonable to assume that such failures can be eliminated to a large ex-
tent. A further 12$ of failures occur during the last 30$ of mission life, with
the majority of these occurring close to the MMD point. The Shuttle operations
can eliminate these also, by effecting refurbishment. Combining these factors
suggests that design by traditional means, affords reliabilities higher than
those predicted. In numerical terms it is theoretically possible to assign an
allowable total fallibility budget to a spacecraft which is 8 times greater than
that permitted by classical appraisals of reliability, and still meet mission
objectives; due to the failure offsetting capability of the Shuttle. Based upon
this datum the possibility arises of major savings in the RDT&E phase, and manu-
facturing sub-phases of a given program. Design costs could be reduced as there
would be less need for redundancy. Unit costs could be reduced as less reliable
parts could be used, and verification test costs could be reduced as a result of
the higher fallibility possible per unit spacecraft.
See Fig. 4-10 in par. 4.4.3.2 for alternate cost data.
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At first examination, it appears.feasible that commercial aircraft grade parts
might be used provided that they are ruggedized to withstand launch/ascent
stresses. While this concept appears to possess attractive potential financial
advantages, it has not been explored in detail. Such an exploration is strong-
ly recommended for follow-on study effort in the light "of the potential cost
and operational advantages which may accrue.
k.3-3 Historical Cost Data
As a point of departure for cost data, information available with respect to
OAO, SEO, and syncom satellites were used. As point designs for low cost modu-
larized EOS and COMSAT type spacecraft became available (Task 1.3), these were
substituted as necessary. The basic RDT&E costs were varied as designs were
synthesized to approximate the several MMD conditions postulated; the major im-
pact on RDT&E costs are the variables of design, development, and testing to
verify the life potential of the design candidates.
k.3'1* Relationship of Spacecraft Maintenance, Reliability and Confidence Level
.^3.^ .1 Maintenance of Spacecraft vs Aircraft. For all U.S. space programs
undertaken to date, no orbit maintenance has been possible. Design practices
therefore have been constrained to assure against any and all failures. With
the Space Shuttle as a transportation medium, in-space maintenance is possible
and economically feasible, which permits' treatment of a spacecraft as a main-
tainable system in the same sense as with an aircraft. Reliability require-
ments for maintainable systems are specified in a number of ways, which affect
the designs, and heretofore spacecraft reliability requirements have not been
similarly specified. Typical of a spacecraft design requirement, where the
spacecraft is expendable and cannot be maintained is the following criterion:
"Spacecraft reliability shall be 0.75. for one year on orbit, and this
reliability shall be demonstrated to a 70% confidence level."
/
When this statement is interpreted it becomes : The spacecraft shall have a 75$
probability of completing one year of successful operation on orbit without
failure occurring which may degrade the objectives of the mission. Suitable
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statistical means must be presented which assure to a 70$ confidence level
that "a priori" the design is capable of achieving this objective.
Contrasting this vith a typical aircraft specification: "The aircraft shall
have a useful operational life of 10 years during which, in any three month
period no more than 1 mission aborting failure, or three major failures shall
occur. Maintenance interval shall be each 24 airhours for routine preventive
maintenance, 72 airhours for major preventive maintenance, with remedial main-
tenance as occasioned by failures but not to exceed the failures specified.
Permissible Up-Time-Down-Time ratio shall be 85$ for the life of the aircraft,
and demonstration of capability to meet these requirements shall be at the 80$
confidence level."
The significance of these differing statements lies in the fact that the air-
craft is designed with a given failure allowance whereas the spacecraft has
not been so designed to date.
4.3.^ .2 Failure Occurrence and Severity. To establish a maintenance rationale
for the point designs of spacecraft forming the basis of this study, it is ne-
cessary to be able to predict at what points in on-orbit time failures are like-
ly to occur. Historically 75$ reliability for spacecraft has been considered to
denote that there exists 25$ chance that there will be at least one failure dur-
ing the operational life, and this failure will be random in occurrence; i.e.,
the failure is equally likely to occur at 1 hour on orbit as at 8500 hours on-
orbit. The further assumption made was that the failure, when occurring, would
either negate, or seriously degrade performance of the objectives of the mission.
Thus, knowledge of the points in orbital time at which failures are likely to
occur, is essential to plan flight schedules for the Space Shuttle, if it is
not to be dispatched purely on a random basis. Further, knowledge of the types
of failure expected, is required to facilitate the logistics and spares aspects
of maintaining a spacecraft on orbit. Historical failure incidence and sever-
ity is shown as Figs. 4-3 and 4-4. Means of predicting failure incidence are
discussed in detail in para. 4.3.4.3 following.
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.^3.^ .3 Assignment of Reliability and Confidence Level. Assignment of relia-
bility and confidence values to the spacecraft considered in this study are as
follows:
Reliability Confidence Level
COMSAT Types , 0.75 . 70%
LEO EOS Types 0.60 . 60%
Planetary ^
Exploration Type 0.7^  70ft
Since maintainable spacecraft are without precedent, the LEO EOS-type space-
craft have been assigned reliabilities similar to that accorded to the OAO in •
the previous study. This value appears well-accepted for spacecraft of this
type, and because such systems are expensive, the confidence level was chosen
at 60% to give a slightly more meaningful result than the 50$ or unbiased es-
timate,, for which a reliability prediction would have an equal chance of being
right or in error. The numerics cited have been maintained throughout the study
of the LEO spacecraft in order that the costs of demonstration for a given MMD
have a common base.
COMSAT-type spacecraft assignments are based upon current practice for such
spacecraft. A system of this complexity in the non-maintainable configuration
is usually treated on a "1 in h will fail" basis with one spacecraft in reserve
against the failure. Confidence level has been arbitrarily set at 70$ chance
that the reliability prediction is correct, so that costs of demonstration will
not be prohibitive. These non-maintainable values have been taken as a point
of departure.
Planetary explorer type spacecraft benefit from the use of the Shuttle as a
launch vehicle in that pre-deployment checkout can be effected before dispatch
of the expendable Tug and spacecraft combination. Such checkout and subsequent
on-orbit repair assure that residual infant mortality and launch/ascent failures
are held to a minimum. However, the spacecraft cannot be retrieved for servicing
after launch, and it must survive in operating condition during a relatively long
powered-down period. Reliability has been selected in accordance with usual
4-15
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values for such a spacecraft, the level of 0.75 at 70$ confidence level being
chosen as the minimum practical.
4.3-5 Confidence Levels and Cost Effects
4.3.5.1 Confidence Level as a Function of Test Eailures . The reasons for the
choice of confidence levels selected have been detailed in the previous text.
Since test costs accumulated in the KDT&E phase of a program tend to be costly
at the spacecraft level, confidence values chosen for the reliability values
reflect the least costly degree of surety which might be accorded to the re-
liability values, above an even chance of being right or wrong.
Confidence levels are considered in two ways : Prior to any flight experience,
and post-flight experience. The statistical determination of confidence values
is predicated upon exercise of the Binomial theorem for the two conditions of
success, or failure. This is to say:
"For any one trial (test) there can be but one of two possible outcomes;
success or failure".
Tabulations of customary expansions of the Binomial Theorem permit the number
of tests necessary to demonstrate a given reliability at a given confidence
level to be determined without the necessity for calculation. These tables al-
low interchange of the number of trials, the number of failures, the reliability
numeric, and the confidence value as needed:
For example :
Demonstration of a reliability of 0.6o to a confidence level of 60%
requires :
2 full scale systems tests with 0 failures
C II II II II II -I II
„ „ „ " Tabulation A
It II II IT
-I O
-| /-,   II O
" II II II I' l
and so forth, so that at a failure level of 30 failures experienced, 80 tests
would be required.
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Bayesian statistics using the gamma distribution can be used to generate the
numbers of tests required to verify a reliability at a given level of confidence,
and these techniques yield a lower number of tests. However, for small popula-
tion?; the difference in riot great, and the mathematics of the processes are com-
plex, co /'or nake of simplicity the binomial method has been used. Thus, deter-
mination of.' tent conL:; in the KDT&E phase of a program is dependent to a degree
on the- confidence level involved, and this forms the prior-confidence considera-
tion. At the onset of the program flight phase then, one may be 60$ certain that
the reliability of the system is 60$.
.^3.5.2 Use of Flight Data to Vary Confidence Level. The first flight article
if performing successfully may be considered as another trial with a satisfac-
tory outcome, differing only from the pre-flight trials in that now the condi-
tions of operation are under actual flight conditions, rather than those simu-
lated during ground testing. Presuming that no flight failures are encountered
which degrade the mission, confidence will increase rapidly with each success-
ful flight viz :
After 1st successful flight C.L. rises to 70$
" 2nd " " " " " 80$
3rd " • » v. .. .. „
 go^
If
„ Tabulation BIrth " " " " " 95$
" 5th " " " " " 96$ approx.
" 6th " " " " " 97-5$
" 7th " " " " " 99$
" 8th . " " " " " 99-5$ J
The Tabulation B above assumes only success. If the flight results are mixed,
i.e., some failures, and some successes, the confidence level will change ac-
cordingly. Should the success/failure pattern approximate the ratios of the
Tabulation A, then the confidence level will not change upward; e.g., suppose
that 26 flights with 8 failures is achieved; this is the same ratio as 13 flights
with h failures (tabulated) - then the reliability will remain at 0.60 and the
confidence level will remain at 60$.
As failures occur, and as the failed hardware can be returned to earth by the
Shuttle for failure analysis, redesigns can be effected to eliminate those fail-
ure modes. Subsequent flights of this redesigned hardware should then result
in a higher measured confidence level and/or reliability. With the concept of.
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standardizod spacecraft hardware, the accrual of failure/success data can be
rnor-'.- rapidly obtained on a single type of equipment.
^.3-5-3 Cost Benefits of Improved Confidence Level. While it is more usual to
select a given level of confidence and allow the reliability to vary for pro-
gram determinations, varying the confidence level for a constant reliability
has merit. In retrospect, it is possible to determine that if a program is un-
dertaken using the same spacecraft in which 58 flights are flown with a total
of 15 failures, then one may be 95$ confident that the reliability for the next
program of a similar type will be at least 0.60. Such knowledge would allow a
significant reduction in pre-flight testing, and effect a proportional cost sav-
ing to the program. Also, the time periods between scheduled maintenance re-
visits by the Shuttle could be lengthened. Similarly, if a program of 58 flights
were undertaken and there were only 6 failures, then one might be 99.75$ confi-
dent in one's reliability being at least 0.60.
4.3.5-^ Alternate Cost Benefits of Successful Flight Experience. Alternatively,
with the same or improved confidence level, the reliability can be increased by
successful flights. For instance (using the samev initial case of R = .60 and
C.L. = 60$ at end of development/qualification test); 58 flights undertaken with
zero failures would yield a 95$ confidence that the true reliability of the sys-
tem was 0.95- In this case, the inference would be that the design was more re-
liable than necessary, and a simplified design might be warranted, with a subse-
quent savings to a future program, in both unit costs, and testing costs.
Thus, it may be seen that statistical confidence computations based upon actual
results tends to support human intuitive confidence, in that the greater the num-
ber of successes achieved by a given system, the greater the confidence in its
successful performance when next a similar system is used under similar condi-
tions. Interpretation of results in the manner described above can afford sig-
nificant dollar savings to a program. Because of the limited time and funding
on the current study, further in-depth analyses are not planned at this time.
4.3.6 Analysis of Expected Failure Characteristics and Occurrence
By "L*Hospital's Rule, approximately 67$ of all failures occur prior to MTTF,
with approximately 33$ occurring at, or after that point in lifetime. From that
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fact and use of the Poisson approximation, it is possible to calculate the num-
ber of failures to be expected before time "t". The calculation can provide
probability of exactly n failures, n failures or less, and n or more failures.
If the point in mission time is chosen approximately at 0.5 MMD, the computation
can be made for a band of 1.5o~ about that probability. This affords some in-
sight into the probability of first failure, always assuming that the failure
occurring will be such as to negate or seriously degrade the continuing success-
ful operation of the spacecraft. The basic formula used to compute probability
of c or more failures using the Poisson Approximation is:
c
 -) e
c !
where : C denotes chance of c or more failures prior to time, t
c " quantity of failures expected
m " MTBF in hours
t " time " "
If failure potential is computed for the dynamic subsystems of a given space-
craft and the dispersion of the resultant distribution is constrained about
1.5° unidirectionally from the mean (the usual case for parts and components),
the first failure can be predicted for a given subsystem. In the case of the.
EOS-type spacecraft, first failure is predicted to occur within the GNSC sub-
system at or about the 5 months of operation point. On the basis of disper-
sion, this datum would suggest that there is a reasonable expectation of fail-
ure within this subsystem within the 4-6 months time domain. If the further
assumption is made that such a failure is mission negating in nature, i.e.,.
such that operation of the spacecraft will be either negated or seriously im-
paired, then the first maintenance visit for purposes of repair is set within
that time band. Other subsystems have first expectable failure points close
to that of the S&C Subsystem, i.e., the electrical power subsystem and the CDPI
Subsystem. During the visit made to repair the S&C Subsystem (remedial mainten-
ance) those modules in the other two subsystems can be changed which, are close
to the'first failure point. In this manner, a partial refurbishment schedule
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may be established with the result that further assurance against failure is
afforded to the system. ,
Emphasis must be placed on the continuing randomness of failure characteristics,
which is in no way altered by the degree of accuracy to which prediction can be
made. The prediction merely states that if failure occurs at all, the most
likely point at which it may be expected is within a small time domain at or
about x hours on orbit. As a subsystem approaches that point in orbit time
which is equal to the theoretical MMD, full refurbishment action is assumed to
take place, whether or not there is increasing incidence of failure. The ra-
tionale dictating this assumption is that at MMD, 70$ or more of the potential
life of the modules has elapsed, and that mortality incidence will rise rapid-
ly as the MMD point is attained and surpassed. Won-maintainable designs adopt
the practice of arranging operating life termination points so that the space-
craft and its subordinate elements are still within the stable zone of opera-
tion with respect to a Weibull distribution, thus contributing a safety factor
to the design. Maintainable systems usually permit entry into the attrition
zone prior to either system replacement, or system major refurbishment, usually
about the 20% residual life point.
As might be expected, subsystem modules exhibit potential failure in direct re-
lationship to their individual reliabilities, and the degree of redundancy, and
complexity inherent in the design. When each subsystem and the modules com-
prising it is reviewed in terms of potential fallibility, a matrix can be evolved
vhich' shows the probable time band of the 1st, 2nd recurring ith failure
within the MMD. Figure U-5 illustrates such a matrix. If a matrix of this
type is prepared for each spacecraft under consideration, and a least-squares
normalizing computation is made to curve-fit the results, an optimized provi-
sional maintenance visit schedule can be prepared for the Shuttle. Typically,'
repair visits tend to cluster about the mid-range point for theoretical MMD,
and refurbishment visits occur shortly before, at, or shortly after the MMD
point. Further aspects of this statement will be detailed in subsequent para-
graphs of this report, but presuming that the statement is credible, it forms
a basis upon, which the transportation needs for a given space program, and the
logistics aspects of it can be established.
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k.k COST IMPACT OF VARIABLE SPACECRAFT MMD
Cost impact of variable spacecraft MMD tends to be unidirectional. It is un-
likely that a spacecraft with a long term MMD would be assigned to a short
term mission. Conversely a short term MMD spacecraft may well be assigned to
a long term mission, provided that maintenance action in terms of repair and
refurbishment as required is possible. It appears evident that a spacecraft
costing perhaps $5 million is not worth the cost of a Shuttle maintenance visit
at $7 million per Shuttle flight plus repair costs of spacecraft modules to
repair/refurbish; however the merit of repair is apparent for a spacecraft whose
replacement cost is $15 million. The beneficial aspects of on-orbit repair must
then be offset by the costs of transportation and repair/refurbishment spares.
Also, as the mission duration becomes longer, varying the MMD upward becomes
more attractive.
UA.l Prime-Cost-Driver Parameters
(a) The most significant cost driver is transportation costs. As has been
stated, an adverse condition is where the MMD is short and the mission
duration is to be long. In this case the repair/partial-refurbishment/
refurbishment activity imposes many visits to the spacecraft, causing
transport and spares costs to approach as much as Uo$ of overall pro-
gram costs.
(b) Another significant cost driver is spacecraft MMD. The effect of MMD
may be summarized as follows:
• Shorter MMD: Reduces RDT&E costs
Reduces unit costs
Increases transportation costs
Increases on-orbit maintenance costs
(c) A third cost driver is to be found in the repair/refurbishment approach.
By replacement of spacecraft modules in lieu of total spacecraft replace-
ment the following advantages accrue to a program:
• Reduction of average payload weight carried to orbit
(cost savings result)
• Multi-mission repair/refurbishment is possible
(cost savings result)
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k.k.2. Cost Tradeoff Rationale
Certain of the cost data used are synthetic and .have been extrapolated from
spacecraft point designs having different MMDs to determine the presence or
absence of a cost advantage in the adoption of a given MMD for a given mission.
For instance, it would appear unlikely that a COMSAT-type spacecraft would be
constructed to a one-year MMD design. However, for sake of cost-advantage de-
termination,,, a design for one year has been synthesized from the 5 year MMD
point design, for both a maintainable and expendable version of the spacecraft.
The means of effecting such a synthesis, has been.to study the 5-year point de-
sign, and postulate .that redundancy could be removed to permit a design of the
same reliability for the lesser MMD periods. Similarly, RDT&E costs were re-
duced (by estimate) such that less material dollars and manufacturing time would
be required, as well as less test time to verify the flight readiness, and per-
formance capability over life. In the case of the LEO type vehicle point design,
the nominal 1 year MMD has been subjected to synthesis of a similar nature, but
in this case, since the MMDs are longer, the method has been to add equipment re-
dundancy as appears applicable, add material dollars, and add test time to verify
performance capability for the longer periods.
i • '
.^4.3 Optimization of Spacecraft MMD
As a starting point in the analysis, a question was postulated: "What is the
cost of using a spacecraft of 1 year MMD to perform a 1, 2, 3, 4, 5, 7 and 10-
year mission employing scheduled repair and refurbishment at mid-MMD point and
MMD point in the mission, versus the costs of performing such a mission with a
Shuttle launched expendable spacecraft?"
The question was then reiterated using a 2 year MMD spacecraft to perform a
2> 3> ^ t 5) 1 an<3 10-year mission, and successive iterations were made until
the final, which supposes a 10-year mission and a 10-year MMD spacecraft vs
an expendable spacecraft for the same mission period.
This process has "been applied to COMSAT types and EOS types-of spacecraft, but
in the latter case the MMD has not been extended beyond 3 years for the longer-
term missions.
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In the case of the expendable non-maintained spacecraft, the worst-case prob-
ability has been retained, i.e., that they will sustain a failure at, or about
mid-point in MMD which will necessitate a replacement launch.
4.4.3.1 Cost Factors. Calculations were made, using LMSC data bank costs for
low-cost, refurbishable spacecraft, of the approximate program costs with MMDs
varying between 1 year and 10 years for a Syneq mission case and between 1 year
and 3 years for an LEO mission case. To allow insight into comparisons of ex-
pendable and refurbishable approaches, separate costs were established for these
two modes. Figure 4-6 tabulates the cost factors derived for a Syneq 10-year
mission. Spacecraft operations costs have been excluded because they are com-
paratively small and, function as a constant in the cost summaries, and do not
affect the tradeoff results.
A similar set of cost factors has been developed for a typical LEO mission;
these data are shown on Fig. 4-7. The factors were evolved from the point de-
sign for an EOS spacecraft.
4.4.3.2 Program Cost Variation with MMD-Syneq Mission. Using the aforemen-
tioned cost factors, costs have been summarized for mission durations of
1, 2, 3, 4, 5, and 10 years with spacecraft MMD also varying from 1 to 10
years. Figure 4-8 is a matrix of MMD versus mission life and lists the pay-
load program costs (including Shuttle transportation costs) for four COMSAT-
type spacecraft operating in Syneq orbit. The costs of the maintainable
spacecraft (refurbishable) indicate that the lowest-cost 10-year mission could
be accomplished for $242 million (excluding payload operations costs) and the
spacecraft would have an optimized MMD of 4 or 5 years. The spacecraft MMD
for a 10-year mission would be cost-optimum at either 4 or 5 years. In all
cases, the lowest-cost program for any expendable-spacecraft approach would
be higher cost than the equivalent equal-mission-time refurbishable program1.
The comparative summary payload program costs are shown on Fig. 4-9.
The table infers that the least cost choice would be that of a refurbishable
5-year MMD spacecraft to perform the 10-year mission. The bases for compari-
son include the unit costs per spacecraft, the KDT&E costs, the transportation
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s/c
MMD
(Yrs)
1
2
3
4
5
T
10
10-Yr Mission - Payload Program Cost
Expendable S/C t1)^
992
556
1K)6
348
(j>7O
C^TlT)
318
Refurbishable S/C t1^2)
k9k
311
258
2iv8
rgrn
282
298
(1) Shuttle-launched
(2) Repair and partial refurbishment accomplished at intervals
of MMD/2; full refurbishment accomplished at intervals
equal to MMD.
(3) New spacecraft launched at intervals of MMD/2
(at first major failure occurrence).
Fig. 4-9 MMD vs Cost Tradeoff - Syneq Mission
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costs (Shuttle and Tug) and in the case of the refurbishable spacecraft, the
costs of spares offset by the residual value of the spare modules which are
presumed to have failed, and are to be earth-base refurbished (refurb factor
= .22). . •
The foregoing data was based upon spacecraft MMD's specified in the Aerospace
Case A data and applying the statistical "first major failure" at 0.5 times
MMD. To draw a closer comparison with the Aerospace Shuttle traffic, wherein
one Shuttle flight was expended at the MMD point rather than at MMD/2; an al-
ternate MMD versus cost tradeoff was run. The comparative results are shown
in Fig. 4-10; in this case, the major repairs or partial refurbs have been as-
sumed to occur at intervals equal to the MMD and complete refurbishments oc-
curring at intervals of two times MMD. The optimum-cost MMD for a 10-year
mission is again 5 years.
4.4.3.3 Program Cost Variation with MMD - LEO Mission. Using the same approach
as for Syneq missions, but limiting spacecraft MMD to 3 years, summations of pay-
load program costs were again made. Figure 4-11 shows the data matrix. For a
10-year mission, a 2-year spacecraft MMD will provide the lowest-cost refurbish-
able payload program. For lesser mission durations (up to 3 or 4 years), MMDs
of one year appear appropriate.
.Also, a matrix similar to that for Syneq missions (Fig. 4-10) was prepared for
the LEO missions. The data illustrates that a 6-year MMD will provide a lower-
cost mission than a 4-year MMD with mission duration of 10 years.
However•, all of the costs are in excess of those shown on Fig. 4-11 for equiva-
lent mission durations. The only significance of the data on Fig. 4-12 is that
it derives a Shuttle flight schedule essentially equivalent to that described
in the Aerospace Case ,C.
4.4.4 MMD for Cluster Spacecraft
The Cluster Spacecraft will comprise a collection of subsystems which simultan-
eously support a set of experiments, combining the objectives of several mis-
sions. It is quite reasonable to assume that a multi-mission Cluster will be
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revirjitod by the Shuttle' at intervals much more frequent than for individual .
rniurjion-peculiar spacecraft-. The Aerospace analyses, following the NASA ex-
perimenter requirements, provided for Shuttle revisits to the large observa-
tories (HEAO, 1ST, LRO, ISO) at regular 6-month intervals. The Cluster is
believed'to require the same periodicity for adjustment, repair, updating, or
even refurb of various experiment elements. During these short-.cycle revisits,
the spacecraft itself can be repaired or refurbished. It has been concluded,
therefore, that a 1-year MMD is appropriate for the Cluster Spacecraft; the
probable major failure point will be at mid-MMD or at 6 months after initial
placement or full refurb. Refurbs of the Cluster Spacecraft will be planned
at one-year intervals.
By NASA direction, no analysis was made in this study of experiments or mission-
peculiar equipment. MMDs for experiment packages will probably vary and may not
be the same as for the supporting Cluster spacecraft.
4.4.5 Analysis of Typical Planetary-type Spacecraft
As has been stated previously, the major advantage to be derived in the case
of a planetary explorer spacecraft, lies in the fact that it can be checked
out and repaired if necessary, prior to orbit launch by equipment on board
the Shuttle. Once orbit launch has taken place, no recapture of the space-
craft is possible. For this reason, the MMD for the planetary spacecraft has
been set at 2 years, since there is a valid probability of a first failure at
or about the.. mid-MMD point which with a 1 year MMD would cause failure approx-
imately at,0.5 years. . As an assurance against failure, the 2-year MMD pro-
vides failure expectation at 11-13 months or later, which approximates the
duration of the mission. This would allow completion of the mission without
a negating/disabling failure occurring.
Incidence of early life failure is almost impossible to predict unless the
prior data population is large, and well authenticated. A valid method of
offsetting early failures would be to carry aloft a full set of spare modules
in addition to the spacecraft. Since historically approximately 45$ of all
failures .occur within the first 100 mission hours; these, if occurring at all,
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could be offset by the spares carried. If no spares were used, the spares
would have full recoverable value, since they could be returned to earth by
the Shuttle for use with the next flight (if any). Use of standard modules
is thufj indicated, and permits a weight advantage over carrying two complete
.spacecraft, as well as the cost advantage afforded by no requirement for a
second spaceframe and ancillary equipment such as wiring harnesses.
U.5 SUMMARY COST-OPTIMIZATION EVALUATION OF SPACECRAFT AND MMD SELECTION
From a review of the several analyses presented in this section of the report,
the following conclusions may be drawn:
Low Earth Orbit EOS -type Spacecraft
On the basis of least-cost, the optimum candidate would appear to be a main-
tainable spacecraft of 2 year MMD to perform a 10-year mission with capability
to operate for 1 year before the first anticipated major failure.
Syneq Orbit COMSAT-type Spacecraft
On the basis of least cost, the optimum candidate appears to be a 5-year MMD
maintainable spacecraft to perform a 10-year mission with capability to oper-
ate for 2.5 years before the first and anticipated major failure.
Planetary Explorer Spacecraft
A spacecraft which can be checked out and repaired prior to final orbit-launch
on a planetary voyage, shows a reasonable advantage over an expendable non-
repairable version, and a 2-year MMD appears to be the optimum design choice.
Cluster Spacecraft
No actual point designs have been studied for this configuration, and there-
fore no cost comparisons have been prepared. A maintainable version with a
1-year MMD appears to be the logical selection. The expected occurrence of
the first major failure at 6 months can be readily accommodated by a 6-month
Shuttle revisit schedule.
Figure 4-13 presents a summary chart listing the characteristics of the selec-
ted point designs, including the optimum cost spacecraft MMDs .
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Section 5
MISSION ORBIT ANALYSIS AMD SELECTION
5.1 HISTORICAL DATA
Analyses of mission parameters and constraints in Task 1.1 showed that the Low
Earth Orbit missions fall into two general categories (see Fig. 5-1):
• Low inclination orbits (i « 28.5° - 35°)
• Sun-synchronous orbits (i « 97 - 99 , depending on altitude)
With few exceptions, as stated in the Task 1.1 report, it was found that the
missions could be moved into two common orbits : .
(1) 600 Km altitude, 30 deg inclination (low-inclination)
(2) 500 Km altitude, 97.4 deg inclination (sun-sync)
The difference in altitudes was selected for traffic separation and for per-
formance reasons. It so happens that the sun-sync orbit payloads are earth
observation-type payloads which benefit from low altitudes. It may be recalled
that it was the availability of a Tracking Data and Relay Satellite (TDRS) sys-
tem that made possible the operation of earth observation satellites at low al-
titudes. On the other hand, the low-inclination, low-orbit missions are mostly
astronomical observatory type missions looking away from earth, i.e., their ob-
servations are not influenced by altitude.
5.2 MISSION ORBIT TRADEOFF''PARAMETERS
The selection of.Space Shuttle service orbits can be compared to the laying of
new railroad tracks; they must satisfy existing or projected transportation re-
quirements. As the potential for cost sharing increases, the greater will be
the benefits. Because the Shuttle has the capability to deliver and/or service
multiple payloads in low earth orbit, the consolidation of "common" orbits be-
comes the prerequisite for economic space operations. Analysis during Task 1.1
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IMS 0-015^ 614-9
of this study showed that, with the exception of a few missions for which
either the parametric variation of orbit parameters was a major factor in the
experiment, or for which.specific orbit parameters, had to be maintained; all
low earth orbit missions could .be accommodated in one low-inclination orbit
and two sun-synchronous orbits.
To verify the feasibility of revisit to multiple coplanar payloads by the
Shuttle, analyses were made in Task 1.5- The results indicated it was indeed
practicable for the Shuttle to visit three or four large observatories in a
low earth orbit and perform needed adjustments and updates. Additionally,
performance requirements for orbital phasing and re-rendezvous also were
analyzed. These data are presented in the Task 1.5 report, IMSC-D15^ -600,
dtd 2.k December 1971.
 ;
5-2.1 Ground-Track Synchronization
Near the nominal common orbit conditions stated above, there are numerous or-
bits whose ground traces repeat after various intervals of time. This charac-
teristic is important for orbital revisits as it allows launching directly in-
to the orbit plane. Such orbits are frequently called rendezvous-compatible.
Ground trace repeatability is determined by orbit relocation and altitude (as-
suming circular orbits). For low inclination orbits, altitude may be varied
independently; however, sun synchronous orbits exhibit fixed relationships
between altitude and inclination which must be observed when searching for
rendezvous-compatible orbits.
5.2.2 Multi-Mission Placement and: Revisits
Within the performance envelope the Shuttle is capable of placing or visiting
several payloads in orbit. Assuming Shuttle performance according to Aero-
space Corp. Final Report, No. ATR-72(723l)-l, Vol. IV, Contract NAS W-2129,
August 1971, which is based on the MDAC MP-8A configuration, the following
range of payload AV is available to the assumed common orbits :
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(a) 30°/600 Kin (324 run) low inclination orbit
The Shuttle can transport 29,484 kg (65,000 Ib) with a residual of 68 m/s
(250 fps) after considering orbit injection and deorbit. If all this pay-
load is translated into velocity, a disposable velocity capability of about
1070 m/s (3500 fps) exists (at zero payload weight). According to the Task
1.5 report there is sufficient velocity capability, with a reasonable pay-
load weight, to revisit up to four large observatory-type spacecraft for
orbital maintenance and repair. However, for placement the Shuttle is
volume limited, although not weight limited, so that only one large obser-
vatory (such as 1ST) can be placed at any one time.
(b) 97.4°/50Q Km (270 nm) sun-synchronous orbit
The Shuttle can transport about 14,500 kg (32,000 Ib) into this orbit
with no residual capability beyond deorbit. If this payload weight is
translated into velocity, a disposable velocity capability of about 5^ -3
m/s (1780 fps) exists above and beyond orbit injections and deorbit (at
zero payload weight).
It should be noted that the full exchange of payload to velocity requires the
inclusion of modular QMS tankage provisions as part of the payload. In sum-
mary, using the same assumptions applied to low-inclination orbit revisits,
about two payloads can be revisited in sun-synchronous orbit (versus four in
low-inclination orbit).
5-3 SELECTION OF COMMON ORBITS
The rationale that led to the preliminary selection of common orbits in Task
1.1 has been reviewed with respect to effect on payload function, launch
vehicle performance, and orbit mechanical aspects of payload placement and
revisits; paragraphs 5.3.1 through 5.3-3 present advantages and disadvantages
offered by common orbits.
5.3.1 Effect of Altitude
With a choice of low-altitude orbits, some air-drag makeup by the payload will
be required to maintain orbit altitude over an extended period of time. This
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fact should be considered when finally determining the interval between Shuttle
revisits to these payloads (propellant replenishment of payload can be made).
It will also influence the selection of tank size and propellants on-board the
payload to. perform drag makeup.
In order to maintain a common orbit and maintain rendezvous compatibility with
the launch site it may be necessary to combine a re-rendezvous with a drag-free
ephemeris with payload drag makeup maneuver. TDRS could be helpful.in provid-
ing an inertial reference for restoring the payload to its drag-free position.
Because compensation of small phasing errors (equivalent to rendezvousing with
payloads which have changed orbit position due to air drag) represents only a
minor penalty for the Shuttle- (see Task 1.5 report); it has been concluded that
altitude-only correction will be accomplished by the payload and the Shuttle
will accommodate phase changes. The payload orbit-position change can be min-
imized by selection of small intervals of time between payload altitude correc-
tions (perhaps once per month rather than once per year). . .
5-3.2 Operation of Mission-Peculiar and Standard Spacecraft in Common Orbits
It has been indicated earlier that orbit commonality is a prerequisite for the
creation of Cluster spacecraft. It is appropriate to ask, however, that oper-
ational or other advantages accrue to mission-peculiar or standard spacecraft
when they are stationed in common orbits. The following paragraphs present
some of the advantages.
The significance of the formulation of common orbits for the operation of
mission-peculiar spacecraft is in the simplification of payload placement and
revisits. It is envisioned that spacecraft will be bunched near certain points
of the orbit, as closely-spaced as permissible by data transmission requirements,
unless special spacecraft constellations are prescribed. This permits transpor-
tation cost savings, and makes the average spacecraft more readily accessible.
The same comments apply to standard spacecraft as well.
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5.3-3 Effects of Common Orbits on Best-Mix Standard Hardware
There is another consideration which will be given more emphasis in Task 1.6
of this study. That is, the mixing of spacecraft modes in the search for the
least-cost overall payload program. It is obvious that it will be more cost-
effective to share transportation costs or even spacecraft replacement modules
among mission-peculiar S/C, Standard S/C and Cluster S/C, if (l) all make use
of the came common orbit, (2) all are subject to the same ephemeris control,
etc.
5.3.^  Final-Selected Orbits
It was found that the previously selected orbit parameters still maintain as
good approximations. Minor updating may be required when the desired ground •
track repeatability has been established. The selected orbits are therefore:
(1) 30°/600 Km low inclination
(2) 97.4°/500 Kin sun-synchronous
Both of these orbits are easily accessible by the Shuttle without the help of
a Tug; this greatly simplifies operations in low orbit.
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Section 6
SELECTION OF STANDARD SPACE HAEDWARE FOR LEAST-COST SPACE PROGRAM
The evaluation criterion for determining the most desirable payload program
is: that the minimum total program cost will accrue from combined payload and
Shuttle operations in performing the mission objectives of the NASA Mission
Model. Because the type and quantity of unmanned payloads has such pronounced
effect on the economics of the Shuttle program, it seems reasonable to consider
the future payload programs an adjunct or corrolary to the Shuttle program and
evaluate them as a single combined program.
For this reason, Shuttle transportation costs have been a principal parameter
in the LMSC tradeoffs to accomplish lowest-cost payload programs and in selec-
tion of the standard hardware required to implement these programs.
6.1 ASSUMPTIONS
a. Mission Model
The Application of Standard space hardware was considered for the majority
of unmanned missions described in the RASA Mission Model (as identified in
3.2.1 of this report); purposely excluded were missions No. 55 through 60,
the outer-planet missions. The LEO mission parameters were modified by
the substitution of common orbits, as described in Section 5 of this re-
port. ,
b. Limitation to LEO
The study of Standard Spacecraft and Cluster Spacecraft was limited to LEO
applications (by NASA direction).
c. Shuttle Configuration
Space Shuttle performance is assumed to be that of the MDAC MP-8A configu-
ration as further identified in 5-2.2 of this report.
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a. Shuttle/Tug Cost
Cost per Shuttle flight is $7-3 Million (per direction of the NASA Study
Manager). The cost per LOp/LHp Tug usage is $0.6 Million.
e. The implementation of space hardware standardization in the context of
this study is compared to a baseline space program wherein all the space-
craft hardware already include the cost-reduction attributes of low-cost .
design and refurbishability as established in the initial Payload Effects
Study. In this way, a delta-cost reduction representing the impact of
standardization only can be determined (these summary cost comparisons
will be derived later in Task 1.8 of this study).
6.2 GENERAL CONSIDERATIONS
6.2.1 Principal Cost-Affecting Parameters
The process of determining the least-cost space program hardware concepts
involves manipulation of the primary cost drivers in each cost category
(Spacecraft R&D and Unit Cost, Transportation Cost, etc.), to find the optimum
solution. Cost drivers and the major mechanisms for cost savings due to stan-
dardization have been discussed earlier in this report; in summary, the prin-
cipal affecting parameters influencing both space program cost and potential
standardization are :
• Spacecraft MMD
• Functional commonality of spacecraft equipment
• Mission-orbit commonality
• Shuttle capability to place or revisit multiple payloads on a
single flight
6.2.2 Sharing of Costs
The basic effect of standardization is to allow sharing of initial or common
recurring costs. This may be in terms of component, subsystems, or spacecraft
R&D expenditures, or in terms of transportation or spares (spacecraft modules)
costs.
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6.2.3 Synergistic Cost Effects
In addition to the primary cost savings effects, there are synergistic effects
that reinforce the cost savings potential. For instance, if transportation
cost is reduced by cost sharing (by using multi-mission Shuttle flights), it
will be cheaper to repair satellites in orbit. Also, as a result of shorter
design life, lower-cost spacecraft subsystems may be used. Additionally, the
formulation of the Cluster Spacecraft concept results from the combined effects"
of hardware commonality plus mission standardization.
6.2.4 Prerequisites for Standardization
For hardware standardization (standard subsystems or standard S/C) there has
to be a sufficiently recurring need for items of a given performance specifica-
tion (commonality of requirements). In order to share transportation costs,
mission parameters have to be standardized (common orbits).
6.2.5 Modes of Implementing Standardization
In Task 1.3, the different modes of spacecraft standardizations have been im-
plemented individually: (l) standardized subsystems applied to mission pecu-
liar spacecraft; (2) Standard Spacecraft; (3) Cluster Spacecraft.
Two questions to be further investigated in Task 1.6 are:
(1) Can a single set of spacecraft subsystem module variants be used to im-
plement all three aforementioned modes of standardization? This would
allow strong consideration of a "step" program by NASA to implement the
standard hardware, starting with certain standard subsystems and gradual-
ly expanding the premise, eventually including Standard Spacecraft and
the Cluster concepts.
(2) Is there an optimum spacecraft module MMD for the combined three standard-
ization modes?
(3) What is the best mix of the combined three modes and will it provide a
lesser-cost space program than any of the modes separately?
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6.3 SELECTION OF STANDARD SUBSYSTEMS/MODULES
6. "3.1 Description of Subsystem Modules and Variant^
This aub-section of the report provides a description of the spacecraft equip-
ment standard modules, the specific variants of these modules, and illustrates
the assignment of a set of compatible modules to each mission-peculiar space-
craft in the NASA Mission Model (excluding a fev spacecraft which have very
special requirements not compatible vith the standard subsystem concept). Al-
though the mission-peculiar equipment or experiment packages can be treated in
a similar manner, this study was limited to standardization of the supporting
spacecraft only.
6.3-1.1 The Basic Spacecraft Subsystems. The primary subsystems evaluated for
standardization were :
(a) Stabilization & Control (S&C)
Comprises the gyros, inertial-reference units, inertia or momentum
wheels, flight control electronics, spacecraft sensors, and ancillary
equipment pertinent to spacecraft acquisition of target, orbit position
holding, stabilization for scientific measurements. Does not include
the propulsion units for spacecraft translation or attitude control.
(b) Communications, Data Processing, and Instrumentation (CDPI)
Comprises, antennas, transmitters, receivers, computer elements, and
equipment for processing of commands and data for both the experiment
package and the spacecraft.
(c) Electrical Power System (EPS)
Comprises solar arrays, batteries, control and distribution equipment;
provides power to experiment package and to the spacecraft.
(d) Attitude Control System (ACS)
Comprises thrusters for translation and 3-axis torquing of spacecraft,
valves and plumbing, and tankage for propellants (cold gas or hot gas).
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A point design of a standard propulsion module for use with the Mars/Venus or-
biters has not been completed; data thereon is not included in this Task 1.3
report. The analysis covering this item vill be included in the study Final
Report.
The other subsystems, structures and mechanisms and environmental control, are
tailored specifically to each mission and were not at this time considered for
standardization. The electrical harnesses integral with the spacecraft (inter-
connecting the subsystem modules and the experiment packages) are also mission-
special and were not included in the standard subsystem/module inventory. These
"non-standard" elements are also quite durable and inherently highly-reliable;
the design life for these elements has been set at 10 years or more (without
repair or refurbishment), considerably longer than the standard subsystem mod-
ules .
6.3.1.2 Description and Characteristics of Typical Spacecraft Modules. Point
designs for typical standard modules have been established in Task 1.4 of the
study. These designs, and those of composite spacecraft incorporating the
standard modules, are described in IWSC Engineering Memos which have been sub-
mitted separately to NASA; they are listed following:
Engineering Memos
Type
Application
EOS
COMSAT
Planetary
General
Spacecraft
Description
PE-106
PE-126
-
Subsystems
S&C
PE-102
PE-122
-
CDPI
PE-103
PE-123
PE-133
EPS
PE-104
PE-12U
-
ACS
PE-105
PE-125
-
Pertinent data from the point designs are summarized in the following
paragraphs.
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a. Design Criteria for Standard Hardware
Figure 6-1 lists the basic design criteria which were used in develop-
ing the design concept for standard spacecraft modules which can be
readily replaced in orbit by either automated devices or by payload
specialist crewmen working in EVA.
b. Typical Module Arrangement in the Spacecraft
Figure 6-2 is an illustration of the point design of a future EOS-type
payload incorporating standard modules. The internal arrangement.of
the replaceable modules is shown in. Fig. 6-3; the right-hand illustra-
tion shows the spacecraft modules; the left-hand illustration shows
the experiment packages.
A COMSAT-type payload is shown in Fig. 6-k. The arrangement of space-
craft modules therein is shown on Fig. 6-5-
c. Typical Standard Module
Each standard spacecraft module is a box-type enclosure in which is'
packaged all of the functional components and interconnecting wire
harnesses. A single electrical connector on the backside of the box
provides the functional interconnect with the spacecraft; this connec-
tor is automatically engaged or disengaged as the module is installed
• or removed.
Guide tracks on two sides of the module provide alignment and support
for the module, mating with matching track elements permanently in-
stalled in each cavity of the space frame. The final movement of the
module to latch-down position is obtained by cam-action devices
mechanically connected to the two handles on the front of the module
(which are rotated 90° for latch or unlatch).
External handling rails are provided for use by a crewman in manipula-
ting or transporting the module.
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The module pictured in Fig. 6-6 is an Attitude Control module, incor-
porating tankage, plumbing valves, and thrusters. Other modules are
similar in size and configuration. The support rails on all modules
are identical to allow the maximum usage of common mechanical elements.
d. Characteristics of Point-Design Subsystems
The general characteristics of and the principal equipment utilized
in the EOS and COMSAT standard subsystem designs are listed on Figs.
6-7 through 6-10 for the respective subsystems S&C, CDPI, EPS, and ACS.
The equipment allocated to each standard module within a subsystem will
be described in detail in par. 6.3.2.3.
6.3.2 The Standard Module Variants
6.3-2.1 Reason for Module Variants. In the initial Payload Effects Study, pre-
liminary versions of standard subsystem modules were established at the basic
module level. Wherever there was a variant of mission requirement, a correspond-
ing different, module was established. This created a relatively large quantity
of different standard modules, each requiring separate development (RDT&E $).
To reduce the total RDT&E required, some of these modules were combined into a
composite standard with capability representing the largest of the several mod-
ules being combined. This approach reduced the total RDT&E cost but forced an
increase in average unit cost of the modules; the application of the higher-
cost modules across the mission model resulted in a negative cost-saving.
In this f'ollow-on study, basic modules have again been established but hardware
variants have been applied by: -
(1) adding components to a module
(2) subtracting components from a module
(3) substituting components within a module
»
Using this basic module-plus variant approach, development of a basic module
will incur a single RDT&E cost; use of variants of the module will amortize
this same RDT&E cost and add only the small increment of cost to develop an
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additional component. In this way, the RDT&E summation cost for the mission
model coverage can be reduced. Also, the module variant will more closely
match the particular mission requirement, reducing the standard variant module
Unit cost to very near the mission-peculiar module Unit cost.
6.3-2.2 Typical Examples of Module Variants.
a. Solar Array Variants. The most impressive example of the application
of the aforementioned IM3C concept of module variants occurs in the
Solar Array standard modules. A basic module design has been devel-
oped for a boom-extendable solar array package; it comprises a struc-
tural enclosure, a motorized .extendable-retractable boom, a reel for
stowage of retracted solar cell panels, and a set of interconnected
standard solar cell panels. The solar cell panels can be added in in-
crements to provide the total power required for a particular mission.
The variants of the basic module would comprise the variable quantity
Of solar cell panels required to obtain the square footage of displayed
solar cells. A single RDT&E cost would support development of the basic
module and a typical set of solar-cell panels (maximum quantity). Test-
ing of the largest-size variant would assure functional and mechanical
capability of any smaller variant.
b. S&C Sensing Module Variant
In this case, the basic module comprises 5 Sun Aspect Sensors and their
electronics, Rate Gyro Package, Control Electronics, cable harnesses,
and module base and cover. This basic module, and two variants there-
of, can be used on many missions. The variants are simple, comprising
addition of alternate sensors:
(1) Variant - 1
Adds 2 components : High-altitude Horizon Sensors and
electronics
(2) Variant - 2
Adds 2 components : Low-altitude Horizon Sensors and
electronics
6-18
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(3) Variant - 3
Adds components : Velocity Control Accelerometer and
electronics
c. CDPI Communication Module
In this case the basic module has a 3-year operating-life limit. The
variant of the module is a 5-year unit which adds redundant components
for the Ku-band TWTA, Receiver, and QPSK Modulator/Driver. RDT&E test-
ing would be done to qualify the variant at 5 years; the added modules
would be removed for the 3-year application, thereby reducing the Unit
cost of modules for these latter applications.
6.3.2.3 The Inventory of Standard Subsystem Modules. A set of standard modules
has been established for each of the four basic subsystems. The modules are dis-
cussed following. The application of the modules to specific missions is covered
in par. 6.3.^.
6.3.2.3-1 Stabilization & Control (S&C) Standard Modules. Figures 6-lla &.b are
a tabulation of the S&C subsystem standard modules. There are six basic modules,
S&C-l through S&C-6. The basic Sensing module, No. S&C-2, has three variants,
identified by numbers S&C-2-1, S&C-2-2, and S&C-2-3- The data include the list
of equipment components in each module, rated design life of the module, and the
estimated weight. The last column on each figure provides a reference to the de-
tail point design data, an IMSC Engineering Memo (discussed in previous par.
6.3.1.2).
6.3.2.3.2 Communications, Data Processing, and Instrumentation (CDPI) Standard
Modules. Figures 6-12a through -12d are a tabulation of the CDPI subsystem
standard modules. There are six basic modules; the basic modules CDPI-1 through
CDPI-5 all have variants (indicated by dash numbers of the basic modules). The
antenna module, CDPI-6, is a universally-applicable module and has no variants.
6.3.2.3.3 Electrical Power System (EPS) Standard Modules. Figures 6-13a through
-13d are a tabulation of the EPS subsystem standard modules. There are six basic
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modules, EPS-1, EPS-2, EPS-3, EPS-5, EPS-6, and EPS-J (EPS-U was initially set
up but cancelled after the specific spacecraft application was replaced by
another module variant).t
The basic modules EFS-rl and EPS-2 are solar array modules employing a standard
support/container and extension/retraction mechanism. The EPS-1 accommodates
a 6 ft wide'flexible solar cell panel; the EPS-2 accommodates 8 ft wide panels
(for larger power increments). EPS-1 has seven variants (EPS-1-1 through EPS-
1-7), each incorporating additional segments of flexible solar-cell panels;
these provide a longer extended length of solar array for each variant and there-
fore an incremental increase in solar array area and power output. Similarly
the EPS-2 basic module has six variants of length (EPS-2-1 through EPSr-2-6).
Module EPS-3 is a set of rigid-substrate solar-cell panels applicable to the
spinning-type satellites which use body-mounted solar panels.
Module EPS-5 is a common-usage solar-array drive assembly to be used with those
solar arrays requiring single-axis sun-orienting.
Module numbers EPS-6 and EPS-6-1 are battery modules. EPS-7 and EPS-7-1 are
power distribution/regulation modules.
6.3.2.3-^ Attitude Control System (ACS) Standard Modules. Fig. 6-ik is a tab-
ulation of the attitude control standard modules. ACS-1 and ACS-1-1 are cold-
gas modules. Each includes all tankage, valves, plumbing, and thrusters in one
package; four are required per spacecraft. ACS-2 is a hot-gas (hydrazine) mod-
ule with considerably higher total impulse capacity than the two cold-gas mod-
ules .
6.3.3 The Mission-Peculiar Spacecraft Requirements
In establishing the standard subsystem modules, the requirements of each space-
craft in the NASA Mission Model were reviewed collectively. Also, in the final
assignment of these modules to each mission-peculiar spacecraft, the spacecraft
requirements were again reviewed, on an individual basis, to assure that each
standard module capability was compatible with the mission re'quirements/ spacecraft
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requirement and design life requirements. The influence of the operating orbit
upon the standard module selection vas also analyzed. The following paragraphs
outline the special-effects considerations in these areas.
6.3-3-1 The Mission Profiles and Their Influence on Spacecraft Requirements.
The missions to be flown by the mission-peculiar pay loads have been subdivided
for preference purposes into four basic categories:
/,\
 r ,, , ., .,- sun-synchronous(1) Low -earth orbit_X
\- low-inclination
(2) Syneq orbit
(3) High-energy orbit
Planetary
Figures 15a through 15d respectively provide identification of the missions com-
prising each category. The orbit or trajectory characteristics are tabulated
together with the quantities of payloads required (in an expendable mode) during
the time period 1979-1990 inclusive . These data represent the baseline NASA
Mission Model and have not been altered to include any orbit-commonalization
(which was discussed in sub-section 3-1).
Some of the special influences which the payload operational orbit has upon the
subsystem/module requirements are :
(a) S&C Subsystem - The basic type and location of the target of the ex-
periment and spacecraft sensors affects the choice of the stability
limits. A communication satellite in Syneq orbit essentially points
to a single earth-target; the pointing accuracy tolerance is reason-
ably liberal. An earth -observation satellite in Syneq orbit must be
pointed much more accurately. Conversely, the earth-observation sat-
ellites in LEO polar orbit allow the larger tolerance on pointing.
Finally, the large astronomical observatories, particularly the 1ST
and the LSO, require extremely small pointing tolerances .
In general, the Syneq orbit payloads do little maneuvering versus the
Stellar-pointed satellites in low-earth orbit which must be frequently
reoriented to new targets .
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b. CDPI Subsystem - The principal orbit effect in the CDPI subsystem ap-
plies to the antenna and drive mechanism. On all Syneq-orbit satel-
lites the antennas can be fixed-mounted pointing at a specific earth-
based transmitting or receiving antennas. On the LEO satellites, where
RP signals are to be exchanged with a TDRS in Syneq orbit, the antenna
must be gimballed (with motor drive).
c. Electrical Power Subsystem - The orbit has a very specific effect on
the electrical power elements of the spacecraft. Three specific hard-
ware areas are affected: ,
(1) Required Area of Solar Array - The sun-occultation period of the
spacecraft in Syneq orbit and high energy orbit is a much lower
percentage of total orbit time than for spacecraft in LEO orbits.
The solar-array area requirements (for equal wattage output) for
the latter therefore are considerably larger (about twice as large
as for equivalent wattage at Syneq).
Another special consideration is for Mars/Venus orbit. The net
output in these orbits for equal solar array area is approximately
50$ of the output in earth orbit. For equal wattage, therefore,
the planetary orbiter must have twice the solar array area of the
earth-orbit Syneq spacecraft.
(2) Need for Sun-Orienting Mechanism - The LEO sun-sync or polar space-
craft are usually in the sun-bathing mode and require only Beta-
angle adjustment mechanisms for the solar arrays. The other
spacecraft require the solar arrays to be pointed to the sun.
Single-axis pointing has been provided; the spacecraft (such as
LST) can combine spacecraft rotation about the viewing axis with
single-axis solar-array rotation to orient the arrays perpendicu-
lar to sunline at all times.
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(3) Size or Quantity of Batteries - The selection of "battery capa^-
bility is dependent upon maximum depth of discharge and charge/
discharge cycling rate . Where there is frequent sun-occultation
of the solar arrays, such as in LEO orbits, the charge cycling
of the batteries is high. This requires selection of larger-
capacity or greater quantities of batteries than for equal-
wattage; requirements in Syneq or high-altitude elliptical
orbits .
6.3.3-2 Functional Requirements of Experiments and Mission-Peculiar Spacecraft.
As a reference for the final assignment of standard subsystem modules to the
mission-peculiar spacecraft of the mission model, two historical sets of data
were reviewed and used in the selection process :
a. Miss ion -Equipment (Experiment) Requirements - IM5C had prepared in
Task 1.2 of the study, as a result of a brief NASA survey and use of
internal data, a listing of the special characteristics of and space-
craft support requirements for each of the experiments comprising the
NASA unmanned payload missions. These were documented separately on
7 pages and copies provided to NASA/HQ-OSS for review and comment. A
sample of these data is shown on Fig. 6-l6.
b. Spacecraft Requirements - Also summarized for reference were the base-
line mission spacecraft requirements. These are tabulated on Figs. 6-
through ITd for the four groups of missions.
6.3.3.3 Design Life Requirements. The design life of a standard module must
equal or exceed the design life of the mission-peculiar spacecraft to which it
is assigned. For each mission, the payload design life (or MMD) selected by
Aerospace for their Case A has been used. Each standard module has a rated de-
sign life based upon its functional components. The required design life for
each spacecraft is shown on the "assignment" charts (to be discussed in par.
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6.3.^  Assignment of Standard Subsystem Module to the Mission Model
From the inventory of standard subsystem modules described in par. 6.3.2.3, a
set of modules has been selected for each mission, balancing the following cost-
affecting objectives :
a. Select the least quantity of different modules vithin a subsystem
category.
b. Select a module whose capability is closest to the mission require-
ment (at least equal to but with minimum excess capability).
The set of charts, Figs. 6-l8a through -l8h, are a tabulation summarizing the as-
signment of the standard subsystem modules to each mission-peculiar spacecraft.
In the first column is provided for quick-reference the spacecraft design life,
the operational orbit, and the net power required from the Electrical subsystem.
The module numbers shown are the same as those listed with detail characteris-
tics in previous par. 6.3.2.3•
These standard-module assignments will be used in summarizing the RDT&E, Unit,
and Operations costs for mission-peculiar spacecraft incorporating standard
subsystems (Task 1.8).
6.3.5 Weights and Sizes of the Future Shuttle Payloads
To provide sufficient data on the new mission-peculiar spacecraft with standard
subsystems incorporated to allow production by IM3C of an updated capture analy-
sis (Task 1.8), estimates have been made of the weights and sizes of these future
payloads. Figures 6-19a, -19b and -19c list the new LMSC estimates for a low-
cost and refurbishable payload for each mission. A breakdown into experiment
and spacecraft weights has been made to allow separate cost/weight comparisons
of the spacecraft only.
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6.4 SELECTION OF STANDARD SPACECRAFT
In sub-section 3-3, the evolution of a set of Standard Spacecraft vas discussed;
these were based on an infinitely-adaptable matrix of modular subsystem variants.
In the following paragraphs, the selection of specific Standard Spacecraft will
be defined and the application of standard subsystem modules (similar to those
described in sub-section 6.3) will be demonstrated.
6.4.1 Description of Basic Standard Spacecraft Alternates
6.4.1.1 Earth-Observatory Standard Spacecraft. A typical example for a multi-
purpose Standard Spacecraft has been provided in the point design of an Earth
Observatory Satellite (EOS) which has been studied in detail in Task.1.2 (des-
cribed in detail in LMSC Engineering Memos FE-102 through EE-106). A new docu-
ment, to cover a more generalized EOS-type Standard Spacecraft, will be issued
soon; this is PE-156.
This single spacecraft configuration supports a complement of sensors (seven in
this case) that represents an integrated experiment package. The feature which
allows it to be classified a "standard spacecraft" is that the same spacecraft
with only minor exchange of modular subsystems can support a different comple-
ment of sensors, as long as these sensors are compatible with the experiments
support interface (with respect to physical accommodation, interference, view-
ing requirements, etc.).
The EOS-type Standard Spacecraft has been designed by LMSC with additional cavi-
ties to accept additional subsystem modules. The packaging of the experiment
packages for the "growth-version" EOS used for the IM3C point design probably
represents the maximum variety and volume of large experiments/sensors to be
combined on any LEO mission. The installation of alternate experiment pack-
ages for other missions will fit within the volume and weight limits estab-
lished for the point design.
Figure 6-2 in sub-section 6.3.1.2 shows the configuration of the EOS-type Stan-
dard Spacecraft point design. It is approximately 8 ft wide x 6 ft high x 20
ft long, excluding antenna and extended solar arrays. The parabolic antenna
6-56
LOCKHEED MISSILES & SPACE COMPANY
LMSC-D154649
is a tracking-type, aimed at the TDRS in Syneq Orbit. The solar arrays are
single-axis sun-orienting and have a displayed tip-to-tip dimension of about
4o ft. The weight of the EOS Standard Payload is approximately 6395 Ib (com-
pared to a baseline weight of 3868 Ib). The weight breakdown is shown on Fig.
6-20.
6.4.1.2 COMSAT-Type Standard Spacecraft. A typical COMSAT-type Standard
Spacecraft point design has also been developed in Task 1.2 of the study. This
design is documented in detail in LMSC Engineering Memo PE-126. Included there-
in are subsystems capable of supporting a mission operation in Syneq orbit; de-
tails of these point-design subsystems are included in four Memos, PE-122 through
PE-125-
The configuration of this typical Standard Spacecraft is shown in Fig. 6-4
of sub-section 6.3.1.2.
As with the EOS Standard Spacecraft, this point-design is capable of exchange
of spacecraft modules for other mission assignments. Less overage has been in-
corporated for experiment installation and spacecraft additional equipment be-
cause of the weight-criticality of the Syneq future satellites (somewhat limited
by current Space Tug capability for single-Tug transport to Syneq orbit).
The spacecraft is 8 ft wide x 6 ft high x 10 ft long, excluding the antennas and
the extended solar arrays; this is approximately 50% of the volume used for the
EOS Standard Spacecraft. The solar arrays are about 53 ft from tip to tip and
are single-axis sun-tracking. The antennas are fixed-mounted. The weight of
the Standard COMSAT payload is 4667 Ib (compared to the baseline weight of 2377
Ib). The weight breakdown is shown on Fig. 6-20.
6.4.1.3 Large-Observatory Standard Spacecraft. A typical point design for a
large-observatory Standard Spacecraft is currently being developed (in Task
1.4). It-comprises a single spacecraft which can support each of the LEO large
observatory missions (HEAO, LST, LRO, and 1ST). The description of this space-
craft will be included in a separate•LMSC document PE-146.
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6.4.2 Tradeoff Considerations for Standard Spacecraft Quantity/type
Among the parameters that determine the number of different standard spacecraft
for a minimum program cost, maximum spacecraft utilization and minimum require-
ments-overkill are the most important. Utilization is the basis for amortiza-
tion of spacecraft R&D. Overkill reflects the excess unit cost paid as a result
of using a limited number of standard hardware options to satisfy a spectrum of
requirements (which in general are less than the capability of any one of the
standard hardware options). The cost tradeoff is primarily between these two
parameters, except as it is mitigated by the provision of modularized subsystems
options.. The subdivision of the spacecraft into subsystem modules makes it pos-
sible to (l) increase the number of standard spacecraft variants without signi-
ficant increase in cost, and (2) to eliminate any excessive overkill.
6.4.3 Application of Standard Spacecraft to LEO Missions
 :
A survey of the assignment of standardized subsystems to mission peculiar-
spacecraft indicated a considerable degree of commonality, even though great
flexibility was achieved by the use of modular subsystem variants. This prior
analysis made the definition of Standard Spacecraft fairly straight-forward.
It was found that a total of 15 low-earth orbital missions were able to share
the development and investment costs of three basic Standard Spacecraft designs.
In order to minimize overkill, and thereby not increase Unit costs, 10 variants
of the basic 3 Standard Spacecraft were generated. These variants are an inte-
gral element of the development and test program of the basic Standard Space-
craft, and are accounted for only there. Development and qualification tests
will require that a Standard Spacecraft can be proven by a two-step approach:
(l) testing the maximum subsystems complement represented in eit .er the basic
or variant spacecraft, and (2) separately testing the variants to determine
possible effects of the minor system alteration resulting from a module exchange.
This testing would of course be considerably less costly than testing 13 Stan-
dard Spacecraft separately (3 basic plus 10 variants). Figures 6-21a, b and C
show the assignment of standard subsystem modules to specific Standard Spacecraft.
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SSC-1, SSC-2, and SSC-3 identify the three basic Standard Spacecraft; SSC-1-1,
etc., identify the variant spacecraft. The principal aspects considered in
selecting these spacecraft were experiment interface commonality (type, weight,
size of experiment) and commonality in the supporting subsystems requirements.
Almost all mission-peculiar spacecraft can be replaced, with advantage; by a
Standard Spacecraft. This includes also synchronous orbit, high-energy orbit,
and planetary missions. (Per NASA study direction, all spacecraft standardi-
zation was constrained to LEO).
• In general, the LEO, low-inclination group of spacecraft (Missions 1, 6, 7, 23,
30 and 32) can be replaced by Standard Spacecraft SSC-1 and the five variants
thereof. The LEO four large observatories (Missions 13, 15, 17 and 19) can be
supported by Standard Spacecraft SSC-2 and two variants thereof. The LEO sun-
sync group of spacecraft can be replaced by Standard Spacecraft SSC-3 and three
variants thereof.
6.4.4 Selection of Subsystem Modules for Standard Spacecraft
To obtain economic effectiveness in any standardization effort, the number of
the variants must be small enough to permit amortization of the investment in
a given market. Also, the number of variants must be large enough so that the
disadvantage from using standardized items (overkill) compared to mission-
peculiar items is minimized. Where it was previously believed that this would
then be the object of an extensive tradeoff, it was found that both these de-
sirable effects can be obtained by using the aforementioned (in 6.4.3) use of
the module-variant approach.
A comparison with a passenger auto might be appropriate to illustrate the ap-
proach. If one has decided on a given make, size, seating arrangement, and
luggage compartment; the combined requirements for which may be equated to the
physical support of the experiment package; one goes on to specify engine power,
transmission type, air'conditioning, etc., to satisfy the mission-peculiar sup-
port requirements. This auto equipment is available as interchangeable modular
units as a result of pre-planned design and integration and can be fitted to-
gether without the cost of "custom-design" or analogically, without "overkill".
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The resulting composite auto will meet the stated requirements and can be pur-
chased at minimum cost.
The development of a Standard Spacecraft is very similar to assembling such a
minimum-cost auto. The key element that distinguishes a Standard Spacecraft
from all-out mission-peculiar spacecraft (also based on standard subsystems)
is the commonality of physical experiment-support interface provisions and of
the structural approach to spacecraft architecture (the space frame).
Considerations of design life (MMD) are identical to those made.for mission-
peculiar applications of standard subsystem modules.
The application of Standard Spacecraft to the Mission Model indicates that no
new Standard Subsystem Modules are required beyond those laid, out for mission-
peculiar spacecraft.
6.5 SELECTION OF CLUSTER SPACECRAFT
As in Section 6.k, the validity of the approach to and the concepts for Cluster
Spacecraft described in sub-section 3.^ have been tested and a set of Cluster
Spacecraft has been selected to accommodate the majority of missions in the
NASA Mission Model. The following paragraphs provide a description of the al-
ternate Cluster concepts, the selection of preferred concepts, and the appli-
cation of subsystem modules to these Cluster Spacecraft.
6.5.1 Description of Basic Cluster Spacecraft Alternates
6.5.1.1 Earth-Observation Cluster. The same point-design EOS that was referred
to as typical example of a Standard Spacecraft (par. 6.1(-.l.l), has been used as
a basic example also for one of the Cluster Spacecraft. The major added require-
ment affecting the Cluster concept is that the Cluster must accept simultaneously
all experiment packages for several missions and the spacecraft must support
these experiments simultaneously (electrical power, etc.). The point-design
EOS provides modular growth capability with regard to its supporting subsystems,
and also has spare locations for additional sensor mounting, both typical char-
acteristics of a desirable Cluster Spacecraft it will support several experiments
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simultaneously, but these experiments may be exchanged for updated or nev ex-
periments. The modular approach in the IM3C point design will accommodate
these future requirements. The EOS-type Cluster Spacecraft will be described
in a forthcoming separate IMSC Engineering Memo, FE-166.
6.5.1.2. Large Observatory Cluster. The other basic type of Cluster Spacecraft
point-design being developed is a large-observatory type. One version will sup-
port the combined HEAD and 1ST experiments; another will support the ISO and LRO
experiments. The details of the design are being completed currently (in Task
l.^ O and will be described in a separate forthcoming IMSC document BE-186.
6.5.2 Tradeoff Considerations for Cluster Spacecraft Quantity/Type
Basically the same trade parameters that were significant for the Standard
Spacecraft must be. considered for the cluster spacecraft; namely, spacecraft
utilization and requirements overkill. The mission-capture potential for a
Cluster Spacecraft is normally more restricted than for a Standard Spacecraft.
However, if the same degree of modularization and standardization proposed for
the spacecraft subsystems is also applied to the experiments and their supporti
interface; further flexibility and mission-capture might be possible.
Following a conservative approach, the experiment interfaces were considered
mission-peculiar; therefore, two or three Cluster types will be required to
replace the many mission-peculiar spacecraft in the Mission Model.
6.5.3 Application of Cluster S/G to LEO Missions
A close inspection of previous Figs. 6-21a through -21c shows a considerable
repetition of certain supporting subsystem modules (and therefore, subsystem
operating characteristics) Such subsystems could be shared, if missions were
clustered on discrete Cluster Spacecraft. This discussion will be restricted
to the spacecraft hardware aspects of Cluster Spacecraft; however, it should
be reiterated that one of the underlying reasons for forming Cluster Spacecraft
is to obtain sharing of transportation and other operational costs among sever-
al missions. The mission commonality analysis performed in Task 1.1 resulted
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in the establishment of three groups of missions that could be made compatible
both with respect to flight schedule and orbit parameters, as shown in Fig.
6-22.
It was found that with the modular subsystem approach adopted, these compatible
missions could be supported by two basic Cluster Spacecraft designs as shown in
Fig. 6-23.
6.5.4 Selection of Subsystems/Modules for Cluster Spacecraft
Only three additional module variants were necessary (beyond those listed on
Fig. 6-13 in par. 6.3.2.3.3 to fly the total of 13 different missions. These
module variants, EPS-2-7 and EPS-2-8, are described on Fig. 6-24. The subsys-
tem groups of modules has been selected to support the combined requirements
of the clustered missions. Compared to Standard Spacecraft, this results in
temporary overkill in those subsystems where requirements are strictly:additive,
like EPS and ACS. In other subsystems, like S&C, this mission-combination re-
sults in equipment sharing.
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- ' Section 7
CONCLUSIONS
The following principal conclusions have been determined as a result of the
Task 1.3 effort.
7.1 GENERAL FEASIBILITY OF STANDARD SPACE HARDWARE
Standardization of space hardware is feasible and has been demonstrated by ac-
tual application of standard hardware to the NASA Mission Model spacecraft in
three specific modes :
(1) Application of Standard Subsystems to mission-peculiar spacecraft
(2) Application of a small group of Standard Spacecraft to replace
the many mission-peculiar spacecraft
(3) Application of a Cluster Spacecraft to combine several space
missions into a single composite mission which can be supported
by a single spacecraft.
7.2 FEASIBILITY OF STANDARD SPACECRAFT AND CLUSTER SPACECRAFT
Standard Spacecraft, as developed by LMSC for this study, are a rather simple
extrapolation of the mission-peculiar spacecraft incorporating standard subsys-
tem modules. The spacecraft structure may require some minor "tailoring" to
accommodate standard modules for several different missions (one Standard Space-
craft required for each mission); also, there may be some additional structure
and functional units at the experiment interface. Otherwise, standard subsys-
tem modules can be installed just as in the mission-peculiar spacecraft.
Although presumably a drastically different class of vehicles (as compared with
mission-peculiar spacecraft), the Cluster Spacecraft is only an extension of
the standard spacecraft.
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Identical or similar subsystem modules (or multiples thereof) can be applied to
the Cluster. The special feature of the Cluster results from the need for si-
multaneous operation of several mission-peculiar experiments on the same space
vehicle. This requires close analysis of compatibility among these experiments
and possibly some minor time-sharing when special maneuvers are made to align
one of the experiments to a nev target. The IMSC study to date indicates that
the Cluster is feasible and does not impose significant limitations on any of
the group of mission-peculiar experiments being carried, further analysis is
being done under Task 1.4; the results will be reported in the Final Beport on
the study.
7.3 SUBSYSTEM STANDARD MODULES
Spacecraft subsystems can be subdivided into functionally interchangeable mod-
ules which can be readily replaced in orbiting payloads for repair, update, or
refurbishment. Only a few different basic modules (standard) of a particular
subsystem can support the entire spectrum of requirements for kj different space-
craft which were analyzed. The quantity of different modules and variants re-
quired for each subsystem are shown in Fig. 7-1-
The variants of a basic module consist of the same module with one or. two com-
ponents added, removed, or replaced by a similar component of equivalent func-
tion but different capability. These variants accommodate spacecraft subsystem
requirements for differing design life (redundancy of components) and level of
output (such as electrical power from battery or solar-array modules). The
large quantity of variants in the EPS subsystem results from "tailoring" the
solar-array areas to closely match the specific wattage requirements for each
mission (described in par. 6.3).
7.4 IMPLEMENTATION OF STANDARD HARDWARE
The same basic standard subsystem modules, or multiples thereof, can be used
for application to mission-peculiar spacecraft or to Standard Spacecraft; the
same or similar modules can also be applied to Cluster Spacecraft. This allows
implementation of the standard hardware concept in pre-planned steps, with
7-2
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initial minimum MSA budget commitment for standard subsystems and gradually
increasing the standard hardware application to Standard Spacecraft and even-
tually to Cluster Spacecraft.
7.5 FEASIBILITY OF COMMON ORBITS FOR PAYLOADS
The feasibility of the previously-proposed concept of payload orbit commonali-
zation, which will aid greatly in scheduling Shuttle flights and further de-
creasing the space transportation costs, has been reinforced by detail analyses
of Shuttle capability for multi-mission revisits with payloads in co-planar or-
bits. As many as four payloads can be revisited in low-inclination LEO with a
single Shuttle flight (with auxiliary Shuttle QMS tankage mounted in the cargo
bay).
7.6 EXPERIMENT INTERFACE STANDARDIZATION
The use of Standard Spacecraft or Cluster Spacecraft will require the develop-
ment of a composite experiment interface for the spacecraft. This will in turn
provide program savings by eliminating the need for separate spacecraft inter-
face developments for a number of different mission-peculiar spacecraft.
7.7 COST REDUCTION BY HARDWARE STANDARDIZATION
.Standardization of spacecraft hardware, regardless of thelevel (module, subsys-
tem, spacecraft, or cluster) will result in space program cost savings in RDT&E.
The quantitative delta-cost values are being determined and will be documented
in a separate report on Task 1.8. Savings in spacecraft operations costs will
also accrue as a result of reducing the total inventory of different spacecraft
hardware.
By establishing a concept of basic standard modules and variants thereto, an
additional saving can be obtained in RDT&i; costs. Also, the Unit cost of each
standard module can be about the same as the cost of an equivalent-function'
mission-peculiar module by applying a module variant which closely matches the
particular spacecraft requirement (minimum "overkill" in module capability).
LOCKHEED MISSILES & SPACE COMPANY
7.8 SHUTTLE TRANSPORTATION COSTS AND REVISIT CYCLES
Shuttle transportation costs can be reduced by (a) grouping of payloads into
common orbits to allow multi-payload placement, retrieval, and revisit and (b)
standardizing the spacecraft modules so that fewer total "spare" modules must
be carried to orbit for pre-deployment repair of spacecraft, thereby decreasing
the average cargo weight per- spacecraft and increasing the possibility of multi-
pay load placements.
7.9 OPTIMIZATION OF SPACECRAFT DESIGN LIFE (MMD)
The cost-optimum design life for an LEO refurbishable spacecraft has been deter-
mined as one. year to two years, depending upon (l) the total mission duration
throughout which the spacecraft will operate in orbit, and (2) the ratio of Unit
cost .of the spacecraft (ranging for the cases considered from $17 to $23 million)
to the cost of a Shuttle flight.
For Syneq or High-Energy earth orbit missions, where the Shuttle/Tug flights
must be dedicated to a single mission, the cost-optimum spacecraft design life
is five years for a COMSAT-type spacecraft with a Unit replacement cost of ap-
proximately $9 million.
7.10 REDUCTION OF SPACECRAFT DESIGN LIFE FOR LEO MISSIONS
The grouping of missions into common orbits or the grouping of missions onto
Clusters will allow a large simplification of'the Shuttle flight scheduling.
Regular flights at frequent intervals (six months or one-year) will be econ-
omically feasible. These relatively frequent pre-scheduled flights, shown in
the NASA current plan only for revisit to the four large observatories (HEAO,
LST, LRO, LSO); can be used to make repairs and partial refurbishment (mainten-
ance) to orbiting spacecraft. The average cost of Shuttle revisit to. a payload
can thereby be significantly reduced.
Additionally, the more frequent Shuttle flights to a payload will allow reduc-
tion of the spacecraft design life (or MMD) which will in turn result in fur-
ther reduction of both RDT&E and Unit costs of the spacecraft.
7-5
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The foregoing applies to low-earth-orbit missions where the Shuttle capability
will allow revisiting two to four payloads with a single Shuttle flight. The
Syneq and High-Energy missions, using the present limiting capability of the
combined Shuttle/Tug, require essentially dedicated revisit flights with atten-
dant high cost; the average design life of spacecraft for these missions is
therefore not reducible unless greater Space Tug capability per unit dollar is
provided.
7.11 REDUCTION IN AVERAGE COST OF SPACECRAFT REFURBISHMENT
As a result of further investigating the previous concepts of refurbishment of
spacecraft, modules, and components (as a part of the cost-optimization analy-
sis relevant to spacecraft MMD), it has been determined that the previously-
published refurbishment ratio of 39$ (recommended by IWSC for application to
2-year interval refurbishments of an SEO-type payload) can probably be reduced
to less than 20$. Two significant factors provide this reduction:
(1) Utilizing a repair-and-partial refurbishment fn neu of full-
refurbishment at alternate spacecraft MMD points in the mission
duration, the average maintenance cost on orbit is reduced.
(2) In the ground refurbishment of used/failed modules, many compon-
ents and points can be retested and reused rather than the pre-
vious conservative approach wherein all degradable functional
units were discarded. This new approach provides a significantly
higher residual value for the modules.
In addition, because only'a few replacement modules will be carried to orbit
for the repair/partial-refurb missions (in lieu of the complete set of modules
required for full refurb); the average cost of Shuttle transportation per pay-
load will also be reduced.
Further in-depth analysis of this new IMSC refurbishment approach is required.
Because the results will influence the total space program costs, regardless
of hardware standardization (and because of limited time and budget in this
current study), further additional analysis must be deferred to a follow-on
study. j_6
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Section 1
INTRODUCTION
IMSC is performing a study for NASA/HQ under Contract NAS W-2312; this study
has as its principal objective, determination of the economic impact upon the
1979-1990 NASA space program of implementation of standard spacecraft hardware
for the automated (unmanned) missions in three categories:
a. Standard Subsystems - to be utilized in mission-peculiar
payloads
b. Multi-Mission Standard Spacecraft - to replace single
mission-peculiar spacecraft
c. All-Mission Cluster Spacecraft - to replace large groups
of mission-peculiar spacecraft
The study vill limit the application of the Standard Spacecraft and Cluster
Spacecraft to low-earth orbit (IEO) regimes. The standard subsystems will be
applied to all unmanned NASA and non-NASA (but excluding DOD) missions on the
NASA/HQ mission model of March 1971.
Task 1.5, Payload/Shuttle System Preliminary Constraints Analysis, the results
of which are documented herein, comprises review of unmanned payloads and
shuttle operational characteristics and modes to determine (l) the impact of
the potential future low-cost and standardized payloads upon the Space Shuttle
system, and (2) the constraints which the current NASA baseline Shuttle may im-
pose upon the optimized future payloads. The NASA baseline shuttle used as
reference for this study was the MDAC design of mid-March, 1971; however, the
latest version of the NASA/MSC O^O-A shuttle was also evaluated, particularly
with respect to limitations of on-orbit maneuvering capability. Additional
Constraints Analysis will be accomplished in Task 1.7, "Spacecraft Requirements
Affecting Shuttle"; updated Shuttle data will again be reviewed for significant
changes which might affect the future payload systems.
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This report is submitted for NASA review and comment in accordance with the
documentation requirements of the IM3C Study Plan.
1-2
LOCKHEED MISSILES & SPACE COMPANY
Section 2
SUMMARY '
The object of Study Task 1.5 was to assess the impact that the baseline Shuttle
design, performance, operational characteristics, and allocation of support
services to the cargo would have upon future low-cost and standard payloads.
Figure 2-1 synopsizes the task statement.
Section 3 of this report describes the baseline Shuttle used for the Payload
Effects Analysis studies and for this constraints analysis. Variants from the
baseline, including the NASA/MSC-Q^OA Shuttle-orbiter, are briefly discussed.
Section k describes the characteristics of payloads, with emphasis upon the
unmanned free-flying payloads(excluding Sortie-mission payloads) included in
the NASA Mission Model. Low-cost payloads and approaches, including Standard
Subsystems, Standard Spacecraft, and Cluster Spacecraft/ are considered.
Section 5 discusses interfaces between payloads and launch base facilities,
between payloads and the Shuttle-orbiter, and between payloads and communica-
tions systems.
Section 6 discusses the requirements imposed by unmanned payloads upon Shuttle
systems and operations.
Section 7 describes the constraint analyses specifically, relating payload re-
quirements to Shuttle capability and considering alternatives. Multiple-
payload placement and revisit missions are examined and requirements for a
specific multiple-mission revisit to the large observatories are described.
The effect of using storable propellants for QMS and of limiting the amount
2-1
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of QMS maneuvering AV is discussed. The major constraints oh payloads- imposed
by Shuttle are, defined quantitatively in Section J, are:
• Orbiter Payload Capability
• Cargo Bay Dimensions
• Supplemental CMS Capability
• Crew Workload
• Cargo Bay Access
• Installation and Checkout Time
• Center of Gravity Limitations
• Contamination
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Section 3
SHUTTLE CHARACTERISTICS
3.1 Characteristics of the Two-Stage Space Shuttle
Most of the work in this study has, by NASA direction, been based on the NASA
Baseline Shuttle used in the original Payload Effects Analysis Studies (Contract
NAS W-2156). These were defined in the Aerospace Corp. Final Report, No. ATR-
T2(7231)-1, Vol. IV, Contract NAS W-2129, August 1971, and were based on the
MDAC MP-8A configuration. Figure 3-1 illustrates this baseline configuration.
3.1.1 Physical Description of Baseline Shuttle
The baseline Space Shuttle system used in the study is a two-stage, high-
crossrange system with a delta-wing orbiter. It has internal tankage and metallic
thermal protection systems and is fully reusable. The gross liftoff weight
is approximately 2.1 million kg (4.6 million pounds). The cargo bay dimen-
sions are large enough to accept payloads up to 4.57m dia x l8.3m (15 ft dia
x 60 ft) with the necessary clearances. Clear volume is defined as the space
envelope required to accommodate payloads 4.57m diameter by l8.29m long, al-
lowing for payload and orbiter deflection and movement for any combination of
temperature and load conditions during any flight or ground phase of opera-
tion. Additional space shall be provided for nominal clearance of the payload
envelope with 'the orbiter structure. Payload deployment mechanisms are to be
provided and are not to intrude into the usable payload volume. Figure 3-2
shows the general cargo bay dimensional characteristics of the baseline orbiter.
3.1.2 Performance Characteristics of Baseline Shuttle
The basis for the LMSC performance estimates is the Space Shuttle Performance
Weight Summary reproduced from the Aerospace Final Report and included here as
Fig. 3-3. This shows an Up Payload of 36,130 kg (79,653 lb) into the 28.5°,
93 x 185 km injection orbit; for the IMSC study (in accordance with later data
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Booster Gross Weight
Orbitcr Gross Weight
GLOW
Payload Incl. in GLOW
Less Booster Ascent Props.
Weight at Booster Burnout
Or bit. or Gross W.eieht
, Less
Startup Props.
Orbiter Ascent Props.
Orbitcr Wt. at Injection
Less
Reserve Ascent Props.
Boiloff Ascent Props.
Maneuver Props.
On -Orbit Weight
Less
Maneuver Props.
ACS Props.
Service Items
Reduction in Payload*
Pre-Retro Weight
Less Maneuver Props.
Entry Weight
ACS Props. Available for
Entry (Ibs)
Payload Up
Payload Down*
Design
28.5°
3, 779, .160
859,383
4,638,543
(79,653)
3, 064,000
1,574,543
859,383
1,472
523,794
334,117
6,538
5,045
1,991
320,543
3,431
663
3,777
39,653
273,019
5,531
267,488
1,000
79,653
40,000
Reference
55°
3,781, 200
843,547
4,624, 747
(31,073)
3,064, 000
1,560,747
843,547
1,472
523, 996
318,079
6, 336
5,045
13,537
293, 161
4,493
663
3,777
6,073
278, 155
9,435
268,720
1,000
31, 073
25,000
Polar
3°, 785,280
818,412
4,603,692
(40, 000)
3,064,000
1,539,692
818,412
1,472
524, 326
292,614
6,006
5,045
1,736
279,827
3,746
663
3, 777
0
271,641
4,822
266,819
1, 000
40, 000
40,000
(1) Based on MDAC MP-8A
* Reduction in payload refers to weight left in orbit to achieve
mission design down payload
Fig. 3-3 Space Shuttle Performance Weight Summary*• '
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from NASA) limit on Up-Payload of 29,48^ kg (65,000 Ib) was used. Figures 3-^
and 3-5, from the same Aerospace reference, show the relationship of Payload
to Mission Velocity and Payload to Orbit inclination. The use of lower-I
sp
QMS propellants (LOp/LHp. utilized in the baseline system) would, of course,
reduce the available payload capacity shown. The baseline shuttle operations
were standardized into a 93 x 185 km transfer orbit injection using the Orbiter
main engines, and all other maneuvers were assumed to be accomplished by the
QMS. and ACPS; for off-loaded payload or propellants, tradeoffs may be consid-
ered in which the orbiter main engines provide insertion into a higher energy
orbit, thus reducing the required AV from the QMS and perhaps the placement
time into the desired final orbit. This has been considered for the revisit
mission analysis discussed in Section 7-
3.1.3 Special Assumptions for the IM3C Analysis
A few modifications to the baseline approaches/data, consistent with more re-
cent Shuttle data resulting from NASA/MSC-sponsored studies, have been intro-
duced by IMSC for the constraints analysis.
a. A structural weight limitation of 29,48^ 4- kg (65,000 Ib) was assumed.
b. The Air Breathing Engine System (ABES) has not been included.
c. Alternate storable propellants have been evaluated for the orbit maneuver-
ing systems (QMS) and the attitude control propulsion systems (ACPS) (in
lieu of the LO_/LH2 propellants in the baseline systems).
d. It has been assumed that the QMS and ACPS tankage can be interconnected
and that supplemental QMS tankage can be installed in the cargo bay (weight
allocated to payload).
e. It has been assumed that the total usable volume of the QMS Shuttle-
installed tankage is equivalent to 6lO m/s (2000 fps) of on-orbit AV
(in excess of that required to attain the 93 x 185 km, 55 insertion
orbit). The baseline Shuttle performance reference limits this QMS pro-
pellant load to an equivalent k$J ni/s (1500 fps) AV.
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3.1.4 Shuttle Support Allocations to Payloads
The baseline orbiter is capable of supplying to payloads, in the cargo bay:
electrical power, fluid interconnections, communications, deployment and re-
trieval, attitude control and pointing, safety monitoring, and pre-launch
ground thermal conditioning. These are summarized belov.
3.1.4.1 Electrical Power. The Orbiter EPS can provide up to 50 KWH to the
payload(s) in the form of regulated DC power, available at the rate of 3 KW
average and 6 KW peak. During orbiter peak power usage (liftoff through main
engine burn and during entry and landing), the payload consumption is to be
restricted to 500 watts average and 800 watts peak. Definition of the dura-
tion of "peak" demand was not provided in the baseline data.
3.1.4.2 Fluid Interconnections. The baseline specified availability of fluid
interface connections in the payload bay for the space tug/payload fill, drain
and dump lines, propellant tank vents and pressurization systems, and insula-
tion purge source. These included provisions for handling OKI-,, I£L> Lftp* ^2*
GHe, and GNp. No provisions were made for storable propellents (hypergolic
fluids).
3.1.4.3 Communications . In addition to voice-communication provisions for
manned payloads, the orbiter provides for data bus relay of uplink commands
and downlink data from attached payloads and RF relay to released payloads.
Data bus minimum allocation is 25 KBPS; hardwired input to the Orbiter tele-
metry encoder of 256 KBPS is allowed. Provision for radiating from a payload
telemetry system to the ground is to be incorporated in the orbiter antenna
system design.
The orbiter data management and data bus system was to provide the following
capability for payload(s) in the cargo bay:
3-8
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Flight Phase
Memory, 32 bit words
Computer Operations
per second
Data Bus Capacity, EPS
Bulk Storage Memory, Bits
Normal
2,000
10,000
50,000
1,000,000
Launch/Entry/Land ing
2,000
5,000
5,000
1,000,000
The digital bit rate, of the data bus is in excess of 1,000 KBPS and the base-
line data bus employs word serial, bit serial, and time division multiplex
format. (Current avionics systems being considered by the NASA do not neces-
sarily conform to the above, and some even eliminate the data bus.)
3.1.A'^  Deployment and Retrieval. Pay load deployment and docking mechanisms
are to be supplied by the orbiter and are not to intrude upon payload volume.
or weight. The MDAC Phase B baseline employed redundant actuators and over
center struts, while the NAR version showed two manipulator arms. Other pos-
sible systems, while not part of the baseline, were shown in the IMSC Payload
Effects Analysis Final Report (IMSC-A990556).
Retrieval devices or methods are not described in the Shuttle baseline system.
A general IM3C description of deployment/retrieval techniques and devices is
included in Section 5- An evaluation of potential effects on payloads and
Shuttle is covered in Section 7-
3.1.^ .5 Attitude Control and Pointing. The baseline orbiter avionics system
is provisioned to (a) supply guidance and navigation information as well as
time and PCM sync to the payload(s); (b) to provide local vertical pointing
of the open cargo bay continuously for a complete orbit; and (c) to provide
orientation and pointing of the payload at the earth or any celestial object.
It also maintains orbiter/payload attitude control during the deployment oper-
ation to the point of separating the payload, and during retrieval operations
3-9
LOCKHEED MISSILES & SPACE COMPANY
after capture of tho payload by the retrieval mechanism. Pointing accuracy
is ± 1 and stability is ± 0.3 /sec for all axes.
3.1.^ .6 Safety Monitoring. Payloads are required to be self-safing, and to
provide monitoring signals to the orbiter data bus or via hardline to the or-
biter cockpit for all potentially hazardous parameters that could affect
shuttle and crew safety. Specific details were not specified in the baseline
data.
3.1.^ .7 Cargo Bay Air Conditioning. The orbiter ground thermal conditioning
systems are, by the baseline shuttle ground rules, assumed to be available
for cargo bay conditioning before liftoff and again immediately subsequent to
orbiter landing. Thus, the thermal effects of internal cryogenic tankage in
the baseline orbiter can be moderated by a warm-gas purge of the cargo bay
prior to liftoff. The remaining cryogenics for QMS, ACPS, ECISS and EPS are
in we11-insulated tanks (because of the 30-day orbit operational capability
design requirements) and will not seriously influence the thermal conditions.
If the main cryogenic propellant tanks are placed external to the orbiter, as
has been done in more recent alternative configurations, cooling of the cargo
bay will probably be required prior to liftoff.
Cargo bay wall temperatures for the baseline Shuttle are listed by Aerospace
Corp. as +150 F maximum and -100 F minimum. Other reference data (from NASA/
MSC) list the maximum temperature as 250 F during the entry/landing phase.
Pre-launch maximum temperature was listed for the baseline as +120 F. IM3C
has assumed that the +150°F limit was based upon application of ground cooling
to the cargo bay promptly after landing; also, the -100 F limit was assumed to
be based on internal main propellant tanks.
Ground conditioning of the cargo bay with clean, dry, temperature-controlled
air is implied in the baseline Shuttle descriptions but not specifically iden-
tified. This conditioned air to the cargo bay can be supplied from a basic
Shuttle ventilation system or via a ventilation duct from ground support
equipment.
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3 . 1 . 5 Shuttle Operational and Special Environment Effects
The shuttle operational phases may be classified as :
(1) Ground Turnaround
(2) Launch and Ascent
(3) On-Orbit
Entry and Landing
Each of these may be sub-divided, of course; it is convenient to do so for de-
tailed analysis but is not necessary for an environmental constraints analysis
of the effects on payloads.. The significant elements of each phase for the
baseline shuttle are summarized below.
3.1.5.1 Ground Turnaround .
a. Schedule -Time Limits . The nominal ground turnaround for the baseline is :
two weeks from orbiter landing to readiness for re-launch. Various time
allocations for pay load installation and checkout have been made, ranging
from 6 hrs. (KSC) to l6 hrs . (MSC) .
b . Ground Mechanical Loads . Shock and vibration occurs as a result of ground
handling of payloads (separate and installed in Shuttle), including trans-
fer of the two-stage Shuttle on a LUT to the launch pad . Because of the
large masses involved, accelerations will be appreciably less than those
occurring during ascent.
c. Ground Equipment Support of Payloads . Communications link to the pay load
can be supplied by the Shuttle ground support equipment via the Orbiter.
Similarly, electrical power can be supplied to the payload via the Shuttle;
this ground power is limited to 3 KW: average or 6 KW peak.
d. Final Countdown Operations . During the two-hour propellant loading and
terminal countdown for the Shuttle launch, payload operations were assumed
by LMSC to be minimal and readily integratable into the Shuttle time lines
and operation. Section 7 contains discussion of the Shuttle/Pay load time-
line analysis.
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3.1.5.2 Launch and Ascent. This phase extends from ignition of the booster en-
gines through powered ascent flight and injection of the orbiter into the ini-
tial 93 x 185 km (50 x 100 nm) transfer orbit. The total duration is less than
10 rniriutca, but includes the most severe environmental conditions to which the
pay load ir; subjected.
a. Mechanical Loads. Maximum acceleration is limited to 3-3g (see Fig. 3-6).
Acoustic levels are estimated to reach 158-5 db OASPL external to the car-2
go bay. The cargo bay depressurizes at a maximum rate of 1^ 50 N/m (0.21
psij) per second. Both the orbiter and the payload(s) experience zero g at
the end of orbiter main engine burn, with the resultant potential struc-
tural deflections from the earth-based Ig reference alignments.
b. Payload Functional Support. This phase is a period of high orbiter elec-
• trical power, .usage by the Shuttle; therefore., pay load power consumption is
limited to 500 watts average or 800 watts peak. Communications limits are
as described in par. 3.1.^ .3-
3.1.5-3 On-Orbit. This phase includes all orbital modes of operation, includ-
ing coast, transfer injection, circularization, rendezvous and docking, atti-
tude control and stationkeeping, pointing and orbit adjust maneuvers.
a. Mechanical Loads. Accelerations produced by OMS do not exceed 0.13g, and
accelerations resulting from translational or roll, pitch and yaw maneuvers
using the ACP3 are an order of magnitude less.
b. Payload Functional Support. Orbiter electrical power and data bus require-
ments are nominal so that full payload support allowances may be utilized.
c. Schedule-Time Limits. Crew physical stress levels are low and.crew work
schedules and rest periods may be adjusted to fit such events as phasing
. maneuvers, particular ground-station "passes", rendezvous with orbiting
vehicles, etc. Duration of this phase is long, nominally up to seven days,
but still short compared to the expected lifetime of most payloads.
3-12
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3.1.5.^  Entry and Landing. Commencing with retro maneuvers using the OMS,
this phase is critical and places a high demand upon the orbiter systems data
management and electrical power.
a. Payload Functional Support. Electrical power and communications limita-
tions listed in par. 3-lA-l and 3.1.^-3 will apply. Most payloads will
usually be passive during this phase.
b. Mechanical Loads. Steady state load factors for the baseline are listed
in Fig. 3-6. Also, the pressure in the cargo bay will increase from zero
to one atmosphere.
c. Thermal. Internal cargo bay wall temperature limits are the same as for
ascent, -100°F to +150°F; this assumes
iately after completion of the landing.
0 F to +150 F; this assumes ground cooling is provided immed-
3.2 Alternate Space Shuttle Systems Considered
Work has continued by NASA and contractors on the development and definition
of alternative concepts for Space Shuttle Systems since the completion of the
initial Phase B contracts by WAR and MDAC that provided the baseline data for
this study. Principally, these alternates were developed in the KASA/MSC study
of the OkO-A Orbiter. Variants from that baseline, as derived from portions of
these recent studies, have been used by LMSC in the constraints analysis.
These variants are:
a. Partially reusable systems employing droptanks for the orbiter main engine
prope Hants.
b. Storable OMS and ACPS propellants. (oMS would use the LM Ascent engine
instead of the RL 10A3-3).
c. Reduced on-orbit AV (305 m/s instead of ^ 57 m/s).
d. Reduced payload delivery capacity, at least for the early flights.
e. Alternative boosters, including expendables.
3-13
LOCKHEED MISSILES & SPACE COMPANY
Condition
Launch
High Q (Booster thrust)
End boost (Booster thrust)
End burn (Oribiter thrust)
Entry
Flyback
Landing
NX (g)
1.5
1.9
3.3.
3.3
-0.5
-0.5
-1.3
.
Ny (g)
+0.5
+0.5
+0.2
+0.5
+1.0
+1.0
+0.5
1
Nz (g)
-0.5
+0.6
-0.6
-0.5
-2.0
+1.0
-2.5
-2.7
(From MSC User's Guide, June 1971)
Fig. 3-6 Preliminary Steady State Load Factors for Orbiter Payload
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f. Larger orbiter crews, providing two crewmen dedicated to payloads.
g. Less avionics support, possibly no data bus systems, and less independence
of ground control.
h. Longer turn-around time; possibly three weeks instead of two.
i. Slower launch response, perhaps 3 hrs. instead of 2 hrs.
j. Use only of manipulators for payload deployment,
k. Consideration of TDRS as an alternative or backup to MSFN.
1. Elimination of Shuttle fluid services in the cargo bay, thus not allowing
propellant sharing or supplemental OMS/ACPS propellants.
m. Elimination of the airlock between the crew compartment and the payload
bay, making in-flight access to payloads difficult.
n. Placement of air-breathing engine system, if required, in the cargo bay
(this would have no effect if utilized only in the ferry mode).
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Section 4
CHARACTERISTICS OF PAYLOADS
4.1 General Types of Payloads
The types of payloads which comprise the total NASA Mission Model are listed
on Fig. k-i.. Primary emphasis is placed in this analysis upon the Unmanned
Payloads and Space Tugs.
4.2 Specific Examples of Payloads
Several examples of payloads are described following; these vary from the larg-
est, comprising.a maximum-weight combination of a'Syneq orbit satellite mounted
upon, a Space Tug, to multiple quantities of smaller payloads.
4.2.1 Small and Spinning Satellites
The small satellites are usually relatively inexpensive and tend to be placed
in an expendable category; repair or refurbishment and reuse of these satel-
lites is not economically attractive considering the high cost of transporta-
tion, even with the Shuttle. The spinning satellites frequently are placed in
relatively high altitudes which are not directly accessible to the Shuttle (al-
though initial orbit deployment can be made from the Shuttle in low-earth or-
bit by the inclusion of small kick motors on the satellites.
4.2.2 Medium-Size Satellites
These payloads, many of which will operate in low-earth orbit, comprise the
bulk of the payloads which are accessible to and which can be economically re-
visited and serviced by Shuttle flights. Typical of these is an Earth Obser-
vatory Satellite, shown in Fig. 4-2 in the free-flight configuration. This
type of payload will be placed typically in a near-polar sun-synchronous orbit
by the Shuttle, perhaps 500 km (2JO nm), 97-4° inclination, either dawn-dusk
or noon-midnight phasing.
LOCKHEED MISSILES 8c SPACE COMPANY
CO
COt—
O
CO
V
CO
o
K~
00
O
UJ
f^  In.'
JZ h: GO CL,5 -j c* xfi LU L.J UJ
CO Zz 52
 0
UJ O <C ^
^ CO t-~ "?"
C^ fV ""•"" «^ -
CL. L!] O <
CO CX. O ^
CO
•a
ZD
O
o
O
LU
1
CO
CO
w
•so
^
-p
-p
=i
X!
CO
CM
O
1
CO
0
<3M J^
>-
<
CL,
O
UJ
2
<c
S
z:
H)
k .
•\
CO
o
ID
LU
O
<C
Q.
CO
L A
CO
o
|
CL.
o
-
V\\
s**f
/ «/ ^/ <uS. cA
CO
O
^
r4.
O
CL.
LU
i—
O
CO
i j
&
rH
1
J-
•
6D
•H
fe
h-2
LOCKHEED. MISSILES a SPACE COMPANY
a; fLU
Oi
o
o
o
LU
Zg
in
oc
LU
Ooc
o
oo
o
to
o
z
o
LU
Q
\—
o
V
1
uin
8
<u
-p
0)
0)
CO
o
-pg
tog
o)
w
a)
o
•H
P<
I?
OJ
I
bD
U-3
LOCKHEED MISSILES 8t SPACE COMPANY
LMSC-D154600
This particular satellite configuration represents the typical future low-cost
designs developed during the Payload Effects Study. It is constructed for max-
imum access and replacement of equipment modules with minimum operations on the
part of either a cargo crew, member in EVA, a Tele ope rat or, or a set of fixed-
mounted manipulators.
The installation of a single EOS in the Shuttle is shown in Fig. 4-3.
4.2.3 Large Observatories
A group of Large Observatory pay loads has been described by NASA for use in
low-earth orbit. The free-flying types of these are represented by the follow-
ing missions :
HEAO Mission 13 . •
1ST Mission 15
ISO Mission 17
LRO Mission 19 '
The Large Stellar Telescope (1ST) configuration.is shown in Fig. 4-4.
The observatories will be placed into a common orbit plane to permit multiple-
mission revisits by the Shuttle; a typical orbit will be 600 km (324 nm), 30
inclination.
4.2.4 Tug/Fayload Combinations
All of the Syneq orbit mission payloads will be delivered to low-earth orbit
by the Shuttle; these payloads comprise combinations of a Tug and a satellite.
The Tug/satellite composite is released in low earth orbit and the satellite
is transported to Syneq orbit by the Tug. .The Tugs are either reusable or ex-
pendable. One version of the reusable Tug is shown in Fig. 4-5; it is approx-
imately 35 ft long. A typical future Syneq orbit satellite is shown in Fig.
4-6.
/
A combination-payload of the reusable Tug and a Syneq Orbit payload (SEO) is
shown in Fig. 4-7. This total payload will be deployed initially in low-earth
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orbit (100 nm, ^ 8.5°). The Tug will then transfer the satellite to Syneq or-
bit and return to rendezvous with the Shuttle in low-earth orbit. The Tug,
depleted of propellant at this point, will be returned to earth by the Shuttle
for replenishment. In a satellite replacement mode, the Tug will rendezvous
with a used/failed satellite in Syneq orbit, dock with ity and return it to
rendezvous with the Shuttle in low-earth orbit. Because the Tug is also de-
pleted of propellant in this mode, the SEO-type payload would also be returned
to earth for earth-base refurbishment or repair because another dedicated
Shuttle flight is required to get the Tug back to its takeoff point (loaded
with propellant) in low-earth orbit. For this reason, it is believed that re-
furbishment of the Syneq satellites in low-earth orbit is not of primary im-
portance to the operational scheme. However,'replacement of modules for "re-
pair" following orbit pre-deployment checkout is a prime objective.
Examples of expendable Tugs, Centaur and Agena, are respectively shown in Figs,
4-8 and 4-9. The propellants in the Centaur are LOo/LHo (same as baseline
Shuttle QMS and ACPS); the Agena propellants are hypergolic storable propel-
lants which can be pre-loaded on the ground and tanks sealed prior to Shuttle
installation and as long as 30 days before Shuttle launch.
4.2.5 Special Cargo Mixes
Various combinations of payloads can be carried in the Shuttle cargo bay as
weight and volume limitations permit.
a. Multiple Payloads - two or more payloads of the same type or different
types.
b. Mixes of Payloads and Modules - Modules may consist of "repair kits" for
orbiting payloads, experiment packages to update those in orbiting satel-
lites', or complete refurbishment sets for complete "overhaul" of a satel-
lite in orbit.. These module variants can be combined with any of the
basic payloads to. the extent limited by the cargo bay volume and Shuttle
performance limitations.
4-10
LOCKHEED MISSILES & SPACE COMPANY
iMSC-Di5U6oo
MilKKi
bD
d
EH
(D
rH
•3
ID
w
ai
o
OD
I
bD
•H
8oI
tx
N
Z
co
t—
Q£
Oa.LU
O
O
LOCKHEED MISSILES & SPACE COMPANY
bO
3
EH
•QJ
,—1
•3
T3
C
0)
0)
0)bO
ONi
bO
•H
LOCKHEED MISSILES & SPACE COMPANY
IMSC-D154600
c. Interface Equipment - On some and perhaps on all flights, special payload
support equipment will be. carried to orbit by the Shuttle. This equipment
weight will be charged to the cargo weight total and will require mounting
within the 15 ft dia x 60 ft cargo volume.
These equipment may include combinations of: /
• Payload Checkout Set
• Payload Umbilicals "
• Payload Support Cradles.
• Payload Fixed-Mounted Manipulators
• Payload Deployment/Retrieval Gear (Portion of)
• Teleoperator
A teleoperator concept is shown in Fig. 4-10. In the stowed configuration,
this element could be "about 6 ft dia x 9 ft long.
4.3 Payload Characteristics
The following data contain the essential information to be used as a base for
evaluating the interfaces between the future NASA payloads and the Shuttle.
4.3.1 Size and Mass of Payloads
The payloads comprising the unmanned group of payloads operating in low-earth
orbit (LEO) are listed on Fig. 4-11. The baseline mass of each payload is
given as well as the estimated mass of each payload designed to incorporate
the various low-cost design features. Also provided on the figure is the ap-
proximate overall size of the. payloads, excluding extended elements such as
solar arrays, antenna, etc. As can be seen from the tabulation, the weights
of the low-cost payloads vary from 1700 lb to 6400 Ib in one group, exclusive
of the large observatories. The four observatories vary in weight from 23,000
lb to 30,000 lb. The cg's of the payloads (except the observatories) can be
assumed to be the geometric center of the rectangular shape given (midway on
width, height, and length). The cg's of the observatories can be assumed to
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be approximately 12 ft from the end of the pay load in which the spacecraft
equipment is mounted and on the longitudinal axis.
4.3.2 Flight Dynamic Characteristics of Payloads (for Docking)
Each of the low-cost spacecraft will incorporate a capability for stabilization
and position-hold to allow docking and rendezvous with the Shuttle (or with a
Space Tug, as Teleoperator, or Manipulator). The spacecraft will be required
to hold a position only; the Shuttle/Tug/Teleoperator/Manipulator will provide
all of the required maneuvering capability to bring the vehicles into a mated
condition.
Two different modes will be provided for in the three -ax is -stabilized payloads :
Primary and Secondary . (S pinning payloads are treated as a special case; the
estimated spin rate for Teleoperator intercept is 15 rpm ± 5
a. Primary Mode Payload Stabilization (all spacecraft subsystems functioning)
Spacecraft can be commanded by RF to any specific attitude with respect to
inertial coordinates.
Spacecraft will hold the selected attitude and position:
Attitude Accuracy; ±2 min to ± 30 min about any of the three axes
Position Hold ; Maximum drift of 0.01 deg per hour about any
axis
b. Secondary Mode Payload Stabilization (spacecraft subsystems malfunctioning;
backup system activated)
Spacecraft stabilized, locking onto the Sun, by use of 3-axis gyro. An RF
command can be given to the spacecraft tc
the sunline within the following limits :
to hold any position within 90 of
k-16
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Attitude Accuracy; ± 8 rain to sunline reference.
No control on spacecraft roll about sunline
except the drift limit
Position Hold: Maximum drift from specific attitude at 0.01
deg/sec.
Stability; Oscillation of approx. ± 1 deg from null pos-
ition at approx. 0.01 to 0.1 deg/sec rate.
Other basic payload characteristics potentially affecting docking include:
Payload Reaction-Wheel Control Characteristics
In certain payloads, primarily LEO-type, three or more reaction vheels vill be
utilized for controlling gross attitude changes in the payload. These wheels
arc? unloaded by magnetic torquers or by gas jets. In the docking procedure,
the reaction wheel loop of the payload control system would be deactivated and
the payload would'be position-controlled by the gas jets only; upon docking
contact, the gas jet circuit would also be deactivated so that the payload is
dynamically passive while attached to the mated vehicle.
With the secondary or backup system operating, the payload would be held in
stable position by the firing of gas jets, with sensor inputs to the control
loop coming from the rate gyros and the sun sensors. As with the primary sys-
tem, the gas jets would be deactivated upon docking contact (initial latching).
Special Characteristics for Payloads with Momentum Wheels
The characteristics of the LMSC typical Syneq psyload might impose additional
constraints; the payload utilizes momentum wheels (gimballed) in lieu of fix-
mounted reaction wheels. These wheels provide approximately 100 ft Ib seconds.
Prior to docking, wheel gimbals would be locked, thereby stabilizing the pay-
load. The wheels will be turned off after initial docking contact of the pay-
load. The gyroscopic forces from the wheels will gradually reduce after this
deactivation:
LOCKHEED MISSILES & SPACE COMPANY
IMSC-D154600
• Windage/friction loss (initial, at point of shutdown) .10 ft Ib
• Windage/friction loss (average) .05 ft Ib
• Elapr:;ed time of wheel to reach zero momentum 4o min
If the momentum wheels are caged in zero or null position, there will be only
residual gyroscopic forces tending to hold the North-South axis of the payload.
The worst-case condition of combined gyroscopic action will be :
Momentum about North-South Axis 95 f t Ib sec (Pitch)
Momentum about East-West Axis 20 ft Ib sec (Roll)
Momentum about Earth-Nadir Axis 20 ft Ib sec (Yaw)
4.3.3 Spacecraft Replaceable Modules
In general, the payload will be hard-docked to the Shuttle (on an extended
support cradle or held by a rigidized manipulator) during the replacement of
modules. In the exceptional case, the payload will be free-flying when the
module replacement is made (only for repair missions). Section 5 contains a
discussion of an array of operational concepts for accomplishing the hard-
docked repair/refurb. The modules of a typical future payload are shown in
Fig. 4-12. In the flight position shown, the space-facing side of the payload
contains all of the spacecraft modules. The earth-facing side contains the
various experiment/sensor packages. A typical module configuration is shown
in Fig. 4-13.
4.3.4 Handling/Removal/Installation of Other Payload Equipment
It will also be required, on a less frequent basis, to remove, install, or man-
ipulate other hardware of the payload. Most typical of these are:
a. Access Doors
Because of the thermal control problems within each payload, the removable
modules will in most cases not be directly exposed to ambient space condi-
tions . Rather, a door or doors, thermally insulated, will cover the mod-
ule area (there will be local penetrations for star trackers, sun sensors,
4-18
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and other items requiring unrestricted viewing). These doors will be sup-
plied with simple latches which can be readily released by the Teleoperator
or Manipulator end effector and will be spring-loaded along the door hinge
to allow automatic opening of the door rather than require the door to be
moved from closed to open position. Upon completion of payload servicing,
it will be required to simply push the door to closed position where an
automatic latch will secure the door.
b. Solar Arrays
Solar arrays are a special type of replaceable module. Each solar array
"wing" will be attached to the payload spaceframe with a specially-designed
device which will allow removal of the complete solar array assembly. In
general, this device will comprise a press-to-release protruding pin and a
splined shaft (for sun-orienting rotating arrays). Depressing the pin and
pulling axially on the solar array base fitting will decouple the solar ar-
ray assembly from the spaceframe. A two-piece slip ring assembly will be
automatically decoupled to separate the electrical interface with the one
mechanical motion. Installation of the replacement array assembly will
comprise entering a tapered lead-in shaft into a receptable socket, orien-
ting the rotational position of the spline (in increments of approximately
10 ), and forcing the spline into latched position.
Removal and installation of a fixed-position solar array will normally in-
volve an operation consisting of a depressing pin release(s) and withdraw-
ing the assembly from the spaceframe mounting.
c. Experiment/Sensor Elements
Not all of the hardware in the payload will be designed into compact, read-
ily removable modules. The principal types of items potentially not con-
forming to the rigid groundrules applied to the spacecraft modules them-
selves will be the miss ion-peculiar equipment or the experiments, sensors,
and other similar hardware. It may be necessary, for instance, to remove
a mirror element of a large telescope optical system. Access will have
LOCKHEED MISSILES & SPACE COMPANY
IMS C-D154600
been provided to the mirror, but because of its unique function, it can
not be configured the same as other replaceable modules. There will be,
however, if it is planned to remove/replace this part in space, provisions
installed on the mirror for manipulation by the Teleoperator or Manipula-
, tor« end effectors. Typically, these operations will require gripping, .
push-pull, and torquing motions.
4.3.5 Quantity/Weight/Size of Replaceable Modules
The size and weight of spacecraft replaceable modules will vary. If it is
planned that replacement of the experiment modules of the large observatory-
type satellites is also to be accomplished, a considerable increase in size
and weight over the "standardized" spacecraft modules may be necessary. Figure
4-14 is a summary of the low-earth orbit payload module quantities, weights,
and sizes; highlights are summarized following:
• All spacecraft equipment modules are being concepted in sizes varying
from 18 x 18 x 24 inches to 24 x 24 x 32 inches.
• For comparison, the "baseline" dimensions of the large-observatory
spacecraft modules are shown; these are 60 x 30 x 85 inches. It is
currently planned by IMSC that these should be repackaged into the
aforementioned smaller modules.
• The experiment modules offer a significant potential problem if they
are replaced as single packages. As shown, they can be up to 6000 Ib
in weight and with the largest dimensions being 36 x 60 x 144 inches
or 63 x 63 x 100 inches. Although the Payload Effects Studies have
not covered the detail redesign of these packages for repair/refurbish-
ment, it appears that some degree of sub-modularization is necessary to
allow effective logistic handling or replacement (smaller packages).
The observatory-type satellite which has the largest experiment modules is
shown schematically in Fig. 4-15; the spacecraft equipment section is not
shown.
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4.3-6 Special Types of Spacecraft
The Payload Effects Follow-on Study includes the concept design and evaluation
of three special types of spacecraft (spacecraft + mission-peculiar experiment/
sensor packages = payload):
(a) Mission-peculiar spacecraft utilizing standard subsystem modules
(b) Standard spacecraft which can support two or more missions but
will carry on a single mission only one mission-peculiar experiment/
sensor package
(c) Cluster spacecraft which can support two or more missions and which
will carry two or more mission-peculiar experiment/sensor packages
s imultaneously.
The standard subsystem modules are essentially the same as the "low-cost" or
"future" payload equipment modules referred to previously in this report; their
weights, volumes, and operating characteristics are equivalent.
The standard spacecraft may be slightly larger and heavier than any one of the
program-peculiar low-cost spacecraft which it replaces. However, those differ-
ences are not significant in the general evaluation of impacts upon the Shuttle
in this Task 1.5.
The cluster spacecraft, however, is the single special case wherein there is
an additional impact on the Shuttle. Although point designs on a typical clus-
ter spacecraft (Task 1.4 of the study) have not been completed, it appears pos-
sible that a cluster spacecraft and its experiment packages may exceed the base-
line Shuttle cargo bay volume limits and possibly the delivery weight limit to
low-earth orbit. It has been planned therefore, because the Cluster is a spe-
cial case; to limit the size and weight of a single element to the baseline
Shuttle capability and, if necessary, utilize two or more Shuttle flights com-
bined with on-orbit final assembly to attain the composite payload in orbit.
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Section 5
SHUTTLE/PAYLOAD INTERFACES AND EQUIPMENT
5.1 Basic Interfaces
For unmanned payloads, the shuttle is intended to perform the functions of a
common carrier, providing delivery services to and from orbit. A wide variety
of cargo must be expeditiously handled, both on the ground and in flight; the
loading/unloading operations should not tie up the carrier's equipment any
longer than necessary. To accomplish this objective, it is necessary to pro-
vide veil-planned interface equipment and operational methodology.
The primary payload interfaces are with: (a) the Shuttle launch base facili-
ties, (b) the Orbiter cargo bay and support subsystems, (c) the Orbiter flight/
cargo crew, and (d) the tracking and data relay satellite (TDRS), and/or the
ground communications/data network. The following paragraphs outline the prin-
cipal interface equipment and its functions and discuss special requirements in
the general interface areas as background for later determination of impacts
upon the payloads and/or the Shuttle.
5-2 Cargo Bay and Support Subsystems Interfaces
5.2.1 Types of Physical Interfaces and Equipment
The primary physical interfaces between unmanned payloads and the Shuttle are:
(a) Adaptors or pallets or cradles
(b) Structural supports and latches
(c) Deployment Mechanisms
(d) Manipulators/Retrieval Devices
(e) Hardline Umbilicals
(f) Payload Service Panels (Electrical, Fluid, Communications, etc.)
(g) Cargo Bay Doors
5-1
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(h) Payload Deployment Control & Monitor Panels
(i) Payload Test Set
(j) Stowage Provisions for Payload Replacement Modules
(k) Access Provisions to Payloads (Airlock, Hatches, etc.)
(l) Lighting and Visual Access
(m) Purging, Cooling and Contamination Control Provisions
A matrix chart illustrating the interface equipment versus its general payload
function is shown in Fig. 5-1.
The specifics of functional connection and location of these equipment in the
cargo bay must be specified very early in the Shuttle program so that:
(1) compatibility can be planned and designed into each payload
(2) later costly redesigns of Shuttle to accommodate payloads can be
avoided
Examples of some of the interface equipment are discussed in the following
paragraphs.
5.2.2 On-Board Checkout
Based upon historical space hardware failure data, the launch/ascent phase of
operations is most likely to cause (or aggravate incipient weaknesses thereby
indirectly causing) a fairly large portion of total payload mission failures.
The Shuttle provides an opportunity, either in the transfer orbit or the park-
ing orbit, to assess survival of the launch/ascent phase by verifying the func-
tions of the payload before payload deployment. If a malfunction is found, re-
pairs can be made on orbit or the mission may be aborted and the payload re-
turned to earth. The orbiter data bus and computer allocations to payload oper-
ations (discussed in Section 3) are probably adequate for safety monitoring of
the payload, but insufficient for checkout of even one complex payload. (This
assumes that payloads may incorporate some degree of built-in test equipment
(BITE) but future cost-effective payloads cannot afford the capability for
5-2
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complete seIf-checkout.) Reprogramming the orbiter computer to checkout each
different payload is considered to be impractical. An alternative is to util-
ize a family of "standard" Payload Test Sets (PTS) that can be used during the
various phases of payload test and checkout:
(a) at the payload assembly plant for integrated system test,
(b) at the launch base for pre-installation checkout, and
(c) on board the Orbiter.
The Test Set can be located either in the Shuttle cargo bay or in the crew
area. The associated controls and displays would be in the crew area. With a
dedicated computer, interchangeable program cassettes, and plug-in modules;
such a PTS could handle multiple payloads and combinations such as a satellite/
tug/teleoperator. A typical block diagram for this on-board checkout equipment
is shown in Fig. 5-2, and a weight/power estimate is shown in Fig. 5-3. This
test set may also be used on revisit missions to verify ascent survival of the
replacement modules and, after rendezvous and docking, the condition of the re-
trieved satellite as an aid in determining need for repair and adjustment.
5-2.3 Deployment and Retrieval Services
Deployment devices are to be shuttle-supplied, according to baseline ground-
rules. Fixed-mounted manipulator arms or front bulkhead-mounted deployment
mechanisms were recommended by NAE and MDAC for the baseline shuttle. Consid-
erable changes have been made since then, and a number of other deployment/
retrieval devices have been .proposed and studied. The baseline shuttle deploy-
ment mechanism is shown in Fig. 5-^- Other concepts are illustrated in Figs.
5-5 and 5-6; these respectively show a tape-boom deployment and manipulator
deployment concepts. Specific descriptions of retrieval mechanisms and tech-
niques are not available from the baseline shuttle studies. A few concepts
for on-orbit retrieval and repair devices, some developed by IMSC, are shown
in Figs. 5-7 and 5-8.
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0
 90° DEPLOYMENT FOR PAYLOAD DOCKING
AND RETRIEVAL
ACTUATOR LOCATED INSIDE AIRLOCK
(PRESSURIZED)
0
 DOCKING MECHANISM - SQUARE FRAME &
LATCH TYPE
0
 DOCKING MECHANISM TAKES NO
FLIGHT LOADS
-A.
DEPLOYMENT MECHANISM
15towed Position)
-PAYLOAD (REF.)
ADAPTER
CREW ACCESS TUNNEL
FLEX TUNNEL
DEPLOYMENT MECHANISM
-(DEPLOYED & EXTENDED)
r •"""3-*DOCKING FftAME
(SHOWN EXTENDED)
c
OVER CENTER
LOCK/UN LOCK
* ATTENUATOR
(8 PLACES)
FRAME & LATCH
DOCKING MECHANISM
Fig. 5-U Payload Deployment and Docking Mechanism
-- Baseline Shuttle
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5-2.4 Structural Supports in Cargo Bay
The deployment/retrieval mechanisms are not intended to provide the structural
support in the cargo bay for launch/ascent, orbit maneuvering, and entry/landing
conditions. Separate support and latch down hardware must therefore be provided;
structural adapters to span between payload and cargo bay structure must be pro-
vided also. Additionally, if the payload itself requires a "strongback"support,
a cradle structure must be provided on which the payload can be mounted; the
cradle would.be latched into the cargo bay structure.
Figure 5~9 illustrates a typical future low-earth orbit payload, a low-cost Earth
Observatory Satellite (EOS), mounted in the Shuttle cargo bay. Half of the cargo
bay volume is available for transporting another payload to the same orbit on the
same Shuttle flight. Shuttle structural and functional support capability should
be based upon simultaneously carrying as many as three discrete payloads and a
Teleoperator, each essentially independent of the others; one of these payloads
can be a propulsion stage or a Space Tug.
5-2.5 Cargo Bay Interfaces with Space Tugs or Propulsion Stages
Installation of a reusable Space Tug with attached satellite was illustrated in
previous Fig. 5-5- Figure 5-10 illustrates an expendable Centaur stage and at-
tached payload installed in the cargo bay. Interface details between an expen-
dable Agena Tug are shown in Figs. 5-H through 5-1^- These figures do not show
the separate checkout or service interfaces that are often required for Tug pay-
loads. For example: two sets of umbilicals are required for the propulsion-
stage payloads; one from the stage to a cargo bay service panel and a separate
ground umbilical to mate with the service panel.
5-3 Shuttle Flight/Cargo Crew Interfaces
Recent shuttle system descriptions have included, in addition to the baseline
Shuttle two-man flight crew, an additional two men to handle, service, and oper-
ate payloads, deployment devices, manipulators and other payload interface equip-
ment. These cargo crewmen must be provided with visual and physical access to
the cargo bay and the controls and visual aids required for recovery in docking
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to payloads and space stations. They must also have the capability of IVA or
EVA to accomplish unscheduled inspections, adjustments, or repairs to payloads
and for emergencies. The airlock between the crew compartment and the cargo
bay, shown for the baseline orbiter in previous Fig. 5-^> is necessary for crew
access to payloads, and the requirement should be retained in future designs.
5.^ Communications Interfaces
Unmanned payloads proposed for the NASA Mission Model have generally adopted
current spacecraft communications systems, employing VHF and S-band to be com-
patible with the MSFN and STADAN. Included, however, in the mission model
(Mission No. 36) are the Tracking and Data Relay Satellites. The IMSC Payload
Effects study has adopted the use of TDRS as an operating groundrule, and im-
plied therein is the use of K-band for high data rate transmission. When pay-
loads are within the cargo bay, communications may be through shuttle-supplied
antennae or via the shuttle RF links; after separation of payloads, a two-way
link to the payload(s) is required for checkout, command and control, and re-
covery. The characteristics of this link must be established so that compatible
equipment is designed into all recoverable payloads and shuttles. The baseline
Shuttle data does not definitize this communications link.
5.5 Launch Base Interfaces
5-5-1 Pre-Installation Operations
Payloads will be checked out and launch-ready before delivery to the Shuttle
Maintenance and Checkout Facility (MCF). Here they must be installed in pay-
load adapters or cradles that interface with the load-carrying supports in the
cargo bay. Electrical, communications (including data), safety monitoring,
and deployment mechanism interfaces and EMI compatibility and payload eg loca-
tion should be checked; this probably will require either a mockup or a func-
tional simulator of the shuttle subsystems and equipment involved. The deploy-
ment/retrieval mechanisms and the payload test/checkout set should be included
in the total assemblage of equipment used in payload pre-installation tests.
If the actual devices are not tested at this point, simulators could be used;
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however, the flight devices must then be tested in the Shuttle prior to payload
installation.
Figure 5-15 shows typical Payload Operations Time Constraints; the short in-
stallation time allowed indicates the necessity of completing these interface
verifications prior to installation of the payload(s) in the Orbiter. There
is not time available for trouble-shooting, adjustments or fixes after the pay-
load is installed in the Shuttle if the current Shuttle turnaround constraint
is accepted (two-week turnaround time).
5-5-2 Installation of Payload Into Cargo Bay
Safety monitoring umbilicals, electrical power/control/communication umbilicals,
fluid services (fill, dump, vent or pressurize — as applicable), and deployment
mechanisms/manipulator must be connected, payload clearances checked, and opera-
bility verified. The first use of the PTS in the Shuttle consists of payload
checkout following payload installation into the cargo bay. This is a milestone
in the Shuttle pre-launch activities, approximately 8 work shifts before sched-
uled launch. The Shuttle systems test immediately follows.
5.5.3 Launch Pad Equipment
Most unmanned payloads can be serviced in the MCF and checkout and status moni-
toring can be accomplished with the Shuttle on-Board PTS and the Shuttle com-
munications systems. Propulsion stages using storable propellants maybe load-
ed before installation, but payloads and tugs employing cryogenic propellants
require servicing on the launch pad, with shuttle in the vertical position.
There will be a cryogenic fluid disconnect between external supply/vent and the
payload service panel in the cargo bay. This is not necessarily a fly-away dis-
connect, but does require ground support installations and scheduling into the
countdown sequences. Provisions for purging and conditioning of the cargo bay
on the launch pad by Shuttle ground support systems are part of the baseline
Shuttle definition.
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Section 6
RETIREMENTS OF PAYLOADS UPON SHUTTLE
6.1 General
Effective and economic use of the Shuttle to deliver and service unmanned pay-
loads requires that the Shuttle provide some minimum environment, performance
capability, support, services, and operating flexibility. This study considered
9^2 Shuttle flights, of which 90 were for Space Station Support and 62 were for
revisits to large low-earth-orbit observatories. These flights represent a por-
tion of the 52 unmanned missions in the NASA Mission Model. This section of the
report summarizes the requirements of the payloads as they will impact the Shuttle
system.
6.2 Shuttle Performance Requirements
"Baseline" payloads as provided in the Mission Model range from 220 to 9700 kg
(^ 85 to 21,300 Ib). Applying low-cost pay load factors derived from the Pay load
Effects Analysis Study, the maximum is estimated to increase to 13,600 kg (30,000
Ib) for low inclination LEO payloads, and to 3,600 kg (8,000 Ib) for sun-
synchronous (polar) LEO payloads placed without the use of Tugs. Synchronous
equatorial and planetary payloads require the use of Tugs carried to LEO or the
same Shuttle flight with the payload. The current Shuttle performance limits
the weight and size of Tug that can be carried in addition to the payload.
Revisit and refurbishment flights require maneuvering capability for rendezvous
and docking to LEO satellites . This subject will be discussed in Section 1.
The following requirements for Shuttle performance are the minimum which will
be consistent with cost-effective payload systems:
• 29,U8U kg (65,000 Ib) into a 93 x lB5 km, 28.5° transfer orbit
with 14-57 m/s (1,500 fps) of AV
6-1
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• 18,]M kg (40,000 Ib) into a 93 x 185 km, 90° transfer orbit,
also with 335 m/s (1,100 fps) of AV
• Capability to provide supplemental AV at the expense of payload
These requirements are limited to the baseline Shuttle capability; however,
were options available, additional capability for the Syneq orbit mission
support would be desirable.
6.3 Payload Volume Requirements
Missions utilizing reusable LOp/LH2 Tugs are weight-limited if sized for maxi-
mum round trip capability to Syneq orbit and length-limited for the large com-
munications satellites. Figure 5-5 in Section 5 shows that a 24 channel dom-
estic communications satellite and the baseline reusable Space Tug occupy
nearly the full l8.3m (60 ft) length of the cargo bay. Many LEO-mission pay-
loads that are not individually weight-limited can be combined on multi-mission
Shuttle flights to save transportation costs.
Multiple revisits to large observatories in a common orbit plane will require
up to 7m (23 ft) of cargo bay length for supplemental OMS propeHants and sup-
port equipment (such as a Teleoperator) leaving 11.3m (37 ft) of length for
mi s s i on payload .
Considering multiple payloads, including Tugs, capability for a full 4.57m
(15 ft) diameter by l8.3m (60 ft) long clear volume for payloads is required.
Even with this, cluster spacecraft will require multiple flights and on-orbit
assembly.
Certain cluster spacecraft plus their experiment packages, as generally defined
in par. 4.3.6, will possibly exceed the baseline Shuttle volume limits and will
be designed to be carried to orbit in segments on multiple Shuttle flights to
be orbit-assembled. This same approach will be utilized in transporting seg-
ments of the Space Station which will be assembled in orbit.
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6.4 Environment Limitations of Payloads
Current and future payloads must be reasonably rugged to survive on orbit.
Figure 6-1 summarizes the environmental conditions vhich impact the payloads.
Most payloads, when not operating, will not be damaged by exposure to tempera-
tures between -100°F and +l6o F when non-operating. Pre-launch temperature
conditioning and purging of the cargo bay is especially required for payloads
containing large volumes of cryogenic fluids. The bulk temperature of an ex-
pendable Tug employing storable propellants (the Ascent Agena, for example)
should be maintained below 75°F if possible to avoid sacrifice of performance
by.having to off-load propellants (quantity of propellant loadable into tanks
decreases as temperature rises).
Many payloads contain sensors or surfaces that are very vulnerable to contam-
ination. Some local control can be exercised by the use of protective covers,
but a clean environment is still required in the cargo bay. The cargo bay
should be free of hydrocarbons, effluents and particulate contamination on the
ground and in orbit. Attitude control plumes and dumping of fluids, gases or
waste should not impinge upon payloads in the open cargo bay nor during de-
ployment therefrom.
Operation of any kind of thruster having effluents should not be permitted in
or near the cargo bay; this may restrict the checkout of payload propulsion
systems and the operation of teleoperators until the payload has been extended
on the deployment mechanism to a position well outside the cargo bay.
6.5 Electrical Power Requirements of Payloads
Separable (free-flying) payloads do not impose severe power requirements on
Shuttle. They are usually non-operating, except for monitoring systems and,
in some special cases,where heaters and/or guidance elements (gyros, etc.) are
activated prior to launch. Figure 6-2 shows the maximum power required by pay-
loads during the ascent and parking/transfer orbit phases of Shuttle flight.
Most of the power required in the cargo bay is for checkout, which can be done
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sequentially (l) for each Payload subsystem (or even for part of a subsystem
on large payloads), (2) for each payload of a set of payloads, including pay-
load/tug combinations. Because of the low power demand, conversion equipment
can be provided by payloads or incorporated in the Payload Test Set should
the Shuttle select a non-standard voltage that is not compatible with any or
all payloads.
6.6 Payload Communications Requirements
Data rates for unmanned separable payloads range from 10 to 10 KBPS and trans-
mission frequencies from VHF to K Band. However, the high data rate or wide
bandwidth capability is not required of the Shuttle because the payloads are
not intended for sortie-mode operation. Many payload descriptions include USB
systems and/or have computers/formatters with clock rates in excess of 1 MHz.
The baseline Shuttle data bus or Shuttle SIQs assigned to the cargo bay should,
therefore, be able to accept payload health, status and checkout data at bit
rates to at least 1.2 MBPS. This is a rate requirement and not a requirement
for data processing; even with three payloads in the bay, a traffic load of
600 32-bit words per second provided to the Shuttle bus appears sufficient.
Payload communications requirements are summarized in Fig. 6-3.
6.7 Payload CTJSC Requirements
The limiting payload requirement is derived from the payload revisit missions.
The Shuttle must be able to rendezvous and dock with LEO satellites, which im-
plies navigation accuracies to within sight of the target. To make multiple
revisits on a single flight without excessive expenditure of AV, payloads must
have initially been placed in a coplanar orbit. Typical tolerances for initial
placement of a payload into an established or selected coplanar orbit and for a
revisit rendezvous are given below.
Payload Placement Errors
Initial Placement Revisit
Inclination ±0.1° ±0.1°
Mean Altitude ± 10 km ± 20 km
Time and Longitude of ± ^ 00 s ± 8 s
Ascending Node
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With placement errors of the magnitude indicated, a revisit mission might re-
quire an additional 10 m/s AV for an independent plane change and even less if
the change vas combined with a multiple-revolution phasing maneuver. Payloads
that do not involve revisit considerations have typical requirements as shown
in Fig. 6-k for 3-axis stabilized pay loads and for Tugs with pay loads. Tug
reference systems may be initialized prior to launch, by transfer of state
vectors from the Shuttle GNSC, or by self-contained sensors and orientation
maneuvers after separation, depending upon their on-board systems.
Docking requirements for Shuttle docking to a payload are shown on Fig. 6-5.
Differences in the three sources of figures shown result largely from the type
of docking systems considered. Until a specific standard for docking equipment
is adopted by the NASA, the tighter (IMSC) tolerances should be considered.
An additional set of requirements relates to the stability and maximum maneu-
vering rates permitted of the Shuttle when docked to payloads with payload on
extended deployment gear, and for manipulator intercept with free-flight pay-
loads . The figures given below are estimates based upon the IMSC-designed tape-
boom deployment mechanism and the IMSC concept for fixed-mounted manipulator.
These values will vary, dependent upon the deployment mechanisms and manipula-
tors that NASA eventually selects. Shuttle maneuvering limits for extended-
pay loads and for engaging manipulator probe to payloads are :
• Loads on extended deployment gear (30-ft extend)
o
• Roll/pitch max. acceleration - 0.7 deg/sec
o
• Yaw max. acceleration - 0.3 deg/sec
• Control of probe end-point on manipulator (30-ft radius)
• Limit-cycle amplitude - ±1 deg
• Angular rate, maximum - 0.5 deg/sec (approx.)
6.8 Payload Center of Gravity (eg) Tolerance and Structural Support
Location of payload center of gravity (eg) in the cargo bay may vary greatly,
particularly in the case of multiple payloads. Baseline shuttle descriptive
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information indicates that payload eg longitudinal location restrictions apply
only for the landing mode, which is restricted to 18,000 kg (^ 0,000 Ib) of pay-
load mass .
One critical condition may be the reusable Tug for a Syneq mission in the
abort situation. For this case, after dumping propellants the combined
payload and empty Tug weighs about 5000 kg (11,000 Ib) and the eg may be 3m
(10 ft) aft of the cargo bay mid-length point.
Vertical (Z axis) eg is another potential problem, particularly for small dia-
meter or irregular payloads. For simplicity and minimum scar weight these pay-
loads should be mounted close to the shuttle-supplied adaptors rather than
being "built up" by structural adapters to the cargo bay centerline. On the
other hand, if these same payloads contain sensors that want to look out the
open cargo bay doors during checkout, this would indicate an above-centerline
mounting.
Abort after partial Shuttle mission completion for multiple payloads (abort
.point following deployment of one or two of the payload set) may also leave
the eg displaced, suggesting the need for a large tolerance in Shuttle allow-
able eg movement.
q
Individual payloads vary in density from roughly 60 to 1200 kg/m (k to 75 Ib/
ft^ ), and in length from 1 to l6m (3 to 53 ft). A typical Syneq payload/Tug
combination would be 15m (^9 ft) long. The locations at which ascent loads
for these payloads must be taken into the cargo bay structure will vary con-
siderably. The Shuttle will be required to have a matrix of attachment strong
points in the cargo bay to accommodate the various payload and interface equip-
ment mounting arrangements.
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Section 7
SHUTTLE/PAYLOAD CONSTRAINT ANALYSIS
7.1 General
The baseline Space Shuttle System specified for this study imposes relatively
few major constraints on the payloads in the NASA Mission Model. Even LEO pay-
loads incorporating low-cost design features do not exceed 13,600 kg (30,000
Ib) at low inclinations or ^ 500 kg (10,000 Ib) in polar orbits. Volume limi-
tations are encountered for LHp tanker applications but these are not included
in the current mission model. High energy missions including Syneq, which re-
quire reusable Tugs, are weight-limited, and also may require almost the full
cargo bay length because the Tug is about llm (36 ft) long. In addition to
retro for return, on-orbit AV is required for rendezvous, docking, phasing, and
plane changes for LEO missions which do not utilize Tugs or where the payload
does not incorporate its own propulsion. Support services to payloads, with
the exceptions of payload crew provisions, crew access to the cargo bay, and
payload checkout provisions, are'reasonably adequate and do not impose signi-
ficant constraints on future payload designs. Cargo mounting and handling pro-
visions have not been sufficiently defined for quantitative evaluation, leaving
the impression that not enough attention has been devoted to these areas of
Shuttle design in the Phase B effort. LMSC analysis of the handling, checkout,
and deployment of multiple payloads has been rather qualitative and cursory
because of this.
Perhaps the most important constraint imposed upon payloads is that their pre-
launch operations must be decoupled from Shuttle because of the Shuttle short
turn-around requirements. This is illustrated in Fig.5-15> Section 5, which
y -
shows a typical turnaround timeline. Payloads must be thoroughly checked-out
and launch-ready before being loaded into the orbiter. An orbit simulator is
probably required to verify functional interfaces prior to actual mating, as
insurance against delay in the Shuttle turn-around schedule. (The foregoing
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is based upon an assumption that the short Shuttle turnaround time has been
justified as cost effective.)
Specific constraints have been summarized in later sub-section 7'5-
7-2 Shuttle Performance and Support Capability vs Bayload Requirements
An assessment of the baseline Shuttle (essentially the MDAC MP-8A) support
capability and the corresponding requirements of payloads in the NASA Mission
Model is presented below. Low-cost designs, standard spacecraft applications,
orbit commonality and the concept of cluster spacecraft were considered in the
analysis. Figure 7-1 summarizes the net payload requirements.
7.2.1 Performance
The Shuttle has capability for placing 29,484 kg (65,000 Ib) into a 93 x 185 km
(50 x 100 nm), 28.5° transfer orbit with 457 m/s (1500 fps) AV. This AV permits
placing the full payload to altitudes as 700 km (375 nm) and making a direct re-
entry. ABES is assumed to be out.
a. Low-Inclination (0 to 35 ) LEO Performance
Maximum single LEO payload requirement is 16,600 kg (30,000 Ib). Cluster
spacecraft weights (TBD) will probably be larger, but not above 29,484 kg.
The Shuttle capability is adequate for delivery of the anticipated future
payloads to low-inclination LEO.
b. Sun-Synchronous Orbit Performance
The Shuttle with ABES out can deliver l8,l44 kg (40,000 Ib) to 185 km
(100 nm) polar; or 11,800 kg (26,000 Ib) to 500 km (270 nm), 97.4° sun-
synchronous . The maximum weight of a single cargo to a sun-synchronous
orbit, including (a) a 2,903 kg low-cost Polar EOS payload, and (b) check-
out equipment and cargo crew; is estimated by LMSC to be about 4,000 kg
(8,800 Ib). NASA standard spacecraft and Cluster spacecraft of the EOS-
type will probably not weigh more than 6,000 kg (13,200 Ib). If it is
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. desired eventually to place large-observatory payloads into sun-synchronous
orbit (not now indicated on the NASA Mission Model), the single payload
weight might increase to a maximum of 13,600 kg (30,000 Ib). In general,
the baseline Shuttle does not provide a constraint for anticipated future
payloads to sun-synchronous orbit for the payloads on the current Mission
Model.
c. Syneq Orbit Performance
Syneq payloads are limited by Tug performance. LOp/LHp tug must be off-
loaded to stay within the Shuttle 29,484 kg (65,000 Ib) structural load
limit. Maximum Syneq payload delivery capability (from the Tug Econometric
Study) for a L02/LH2 tug with a gross weight of 29,300 kg (64,596 Ib), is
listed below for the Shuttle 29,484 kg (65,000 Ib) payload constraint.
Mode Payload Mode Syneq Delivery Capability
1 Equal Up and Back 1,282 kg (2,827 Ib)
2 Retrieval Only 2,028 kg (4,471 Ib)
3 Placement Only 3,349 kg (7,384 Ib)
4 Placement, Tug Expendable 8,296 kg (18,290 Ib)
Inclusion of Cargo Crew and support, payload checkout equipment, spares,
etc., in the total cargo weight will require further Tug propellant off-
loading and corresponding reductions in delivery capability.
A typical Syneq payload is the Domestic Communications Satellite, the
future low-cost version of which is estimated to weigh 2,150 kg (4,700 Ib).
The largest baseline Syneq payload listed in the NASA Mission Model, the
Applications Technology Satellite, is listed as 3,620 kg (7,950 Ib); ap-
plication of low-cost design would increase this weight.
It is evident that the baseline LOp/LHp Tug (off-loaded to comply with -the
65,000 Ib Shuttle capability) can not carry the largest future payloads
(ATS-type) to Syneq orbit on a single Tug flight (7,384 Ib capability vs
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8,000 to 10,000 Ib payload requirement). However, Shuttle/Tug capability is
adequate for a placement-only flight for a COMSAT-type payload. Retrieval
only of a COMSAT payload, with a dry weight of 1,700 kg (4,000 Ib), is possible
with the- Tuy capability of 4,471 Ib; this is biased on assumptions that: (l)
the residual hydrazine attitude control propellants in the payload are dumped
prior to return trip, and (2) the rendezvous/docking equipment on the Tug can
be installed for less than 189 kg (471 Ib).
If the Mode 1 (equal up and back) capability of the Tug would be increased to
attain 2,130 kg (4,700 Ib) up and 2,o4l kg (4,500 Ib) back, a single round trip to
Syneq could be used for delivery of a replacement satellite and retrieval of a
used/failed satellite. A savings of 50 percent in transportation could result if
this increased capability could replace the current baseline Shuttle/Tug capability.
7.2.2 Cargo Bay Dimensions and Fayload Mounting
A clear volume is provided for payloads up to 4.57m (15 ft) dia. by l8.3m
(60 ft) long. Structural limit is 29,484 kg (65,000 Ib). Payload center of
gravity location is restricted for landing mode. The largest payload combina-
tion identified in the Mission Model is a Domestic COMSAT 3.6m (12 ft) long,
with a Tug/docking ring 11.3m (37 ft) long, for a total length of 14.7m (49
ft); Tug diameter is 4.3m (l4 ft). Cluster spacecraft element lengths TBD
but expected to require multiple flights and orbital assembly.
Structural provisions for payload installation and characteristics of Shuttle
supplied payload adaptors have not been specified. Payloads are varied in
size and location.
The maximum dimensions of Standard Spacecraft for LEO will be derived from
the large-observatory-type; it is expected that none of these will exceed the
diameter or length of the baseline Shuttle cargo bay. The length of a Cluster-
type large observatory (TBD) could exceed the l8.3m (60 ft) length limit but if
this occurs, the payload will be segmented to allow delivery on two or more
separate Shuttle flights (with orbit assembly).
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Structural mounting provisions for payloads in the cargo bay and structural
adapters have not teen specified in the Shuttle baseline data. Payloads will
vary in dimension, and even with adapters, will require a large, but potential-
ly standardized, matrix of bolt-down provisions in the Shuttle basic structure.
This mounting matrix should include capability for accepting multiple as well
as single payloads. Also, separate attachment points (or the same) may be re-
quired for deployment gear, manipulators, teleoperators, module storage racks,
and payload test sets.
The "movement" of the Shuttle cargo bay structure during the various phases of
operation (horizontal handling, erected on launch pad, launch/ascent, orbit
maneuvering, entry/landing, and ground-taxiing) has not been estimated in the
Shuttle baseline data. The torsional and bending deflections of the Shuttle
structure may be large and provide a considerable impact on payloads and
interface equipment relevant to quantity, location, and type of mounting pro-
visions. Similarly, changes in fore-aft and lateral dimensions in the cargo
bay as a result of temperature changes in launch/ascent and in entry have not
been defined; these also may have a considerable impact on design of payload
interface support adapters, cradles, etc.
The aforementioned distortions resulting from mechanical load and thermal
gradients, coupled with available tooling inaccuracies in the cargo bay, will
have an effect upon the accuracy with which a payload can be mechanically
aligned with the Shuttle. Some of the payloads will require that a payload
reference axis.be aligned with the Shuttle principle axis within ±0.5 • Un-
til estimates are available from Shuttle data an analysis of potential payload
system constraints can not be completed.
7.2.3 Cargo Bay Environment
a. Shuttle Wall Temperatures. -100°F to +15Q°F
Most payloads can be designed for +l6o°F non-operating. Expendable Tug
(Agena) propellant bulk temperature should not exceed 75 F maximum.
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Shuttle cargo bay cooling ventilation probably is required on ground pre-
launch and post-landing. For the low-temperature condition, heaters can
be provided in the.cargo bay or integral vith the payload; a tradeoff is
required to determine the.more cost-effective approach.
•b. Shuttle Acoustic Level - 158.5 db OASPL external
Some Payloads have been historically qualified to 1^5 db; cost savings may
recult if max. is 130 db. Attenuation of about 15 db through vails and
space between Shuttle structure and payload seems attainable but should
be analyzed using the proposed Shuttle structure.
P
c. Shuttle Vibration Level - 0.02g per Hz above 50 Hz
Payloads historically qualified to this level.
d. Shuttle Acceleration Level - 3«3g max.
Payloads can accept this acceleration.
e. Venting
Cargo bay vented to atmosphere; max. rate of pressure change during ascent
2is 1,500 N/m (0.22 psi) per sec. No problems expected for payload.
f. Purge
In the baseline Shuttle description, ground conditioning and purging with
inert gas is provided during Shuttle propellant loading. All payloads
will require clean, dry, and cooled air to the cargo bay during ground op-
erations (payload in cargo bay). LOo/Iflo Tugs will require inert gas purge
during launch countdown.
g. Contamination Control
Not specified in baseline Shuttle. Many payloads require protection against
contamination of sensors, solar cells and thermal surfaces. Cargo bay should
be treated as "controlled" after payload installation. Cargo bay door seals
(doors closed), coupled with positive-pressurization of cargo bay cavity with
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filtered air, vill aid in contaminant control. Some consideration will be
given to providing removable protective covers over extra-critical payloads
or portions thereof. These covers are undesirable, adding complexity, par-
ticularly for automated handling of payloads.
7.2.U Electrical Power
Shuttle can supply up to 50 kwh to payloads at power level of 3.0 kw average/
6.0 kw peak except during ascent and entry/landing when allowable levels are
reduced to 500w average/8oOw peak.
Payloads, including Payload Test Set for checkout operations, require 6 kwh
mission total at a 1 kw average power level.
The planned Shuttle capability is adequate for the NASA unmanned, free-flying
payloads considered.
7.2.5 Communications/Data Processing
a. RF Link to Free-Flying Payload
Shuttle has UHF and USB; NASA Level I requirements specify compatibility
with TDRS. Two-way data link of unspecified frequency provided between
orbiter and detached spacecraft, is capable of 25K EPS average transmis-
s ion rate.
Individual payload communications requirements to the Shuttle do not ex-
ceed 200 32-bit words per second (at a peak rate of 1.2 MBPS). (This does
not include relay of experiment data.) This is equivalent to an average
of about 7 KBPS for a single payload. It is therefore assumed that this
RF-link capability of the Shuttle is adequate to support the payload re-
quirements .
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b. Shuttle Data Bus
The Shuttle data bus and data management system is capable of providing
memory for 2,000, 32-bit words; 10,000 computer operations per second;
50 KBPS average rate data bus capacity; and 1 megabit bulk, storage.
Multiple payloads such as a payload/Tug combination are estimated to re-
quire safety monitoring of a maximum of 100 parameters at an average rate
of 10 per second, 6 words per parameter; this provides an average rate of
192 KBPS, far in excess of the Shuttle allowance of 50 KBPS. It is there-
fore required that a dedicated computer be provided for use with the Pay-
lod Test Set (allocated to payload weight).
c. Shuttle Hard Line Safety Monitoring
Safety-monitoring of payloads is not described specifically in the baseline
data. Hardline safety monitoring of propulsive payload stages, by-passing
payload or shuttle data busses, is desired. The payload umbilical can pro-
vide the data to a Shuttle junction box in the cargo bay.
d. RF Relay for Fayload in Cargo Bay
Provisions for relaying the payload telemetry data to the ground is pro-
vided in the Shuttle system. These data will be transmitted via the
Shuttle ground link. This same capability can be used as a backup for
the planned use of the Payload Test Set for checkout of the payloads.
7.2.6 GMSC
a. Pointing
The Shuttle ACPS is capable of providing nadir pointing ± 45° with an ac-
curacy of ± 0.5 and stability (rate) of 0.3°/sec. Payloads require point-
ing within ±0.5 and maximum angular rate of 0.5°/sec for payload and sub-
system development and qualification test on sortie missions, test platform
requirements might require lower rates approaching 0.05°/sec. It is believed
that the Shuttle stability rate can be improved to 0.1°/sec without signifi-
cant penalty, thereby providing the required payload pointing and stability
for checkout on orbit and deployment-release.
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b. Orbit Position Tolerance
The Shuttle GWSC shall be capable of supplying attitude, attitude-rate,
and position information for payload orbit positioning. Shuttle accur-
acies are not specified in the baseline description. For payload position
update (prior to separation from Shuttle), Shuttle position in orbit must
actually be held to ± 300 m (1000 ft) altitude and in-track and cross-
track to ± 18.5 km (10 nm).
c. Docking to Payloads
The baseline Shuttle uses 31 ACPS thrusters. The Shuttle capability is
not defined specifically. The payload requirements are:
(1) Stability required for single-probe docking to payloads is ±0.5
limit cycle with max. rate of 0.5°/sec
(2) Maximum translation rate for docking is k cm/s (0.13 fps) X + Y axes
8 cm/s (0.25 fps) Z axis
(3) Maneuvering acceleration limit vith payload extended is 0.5 /sec
In general, all of the payload requirements can be accommodated by the Shuttle.
7-3 Effect of Shuttle Operations on Payloads
7.3.1 Ground Operations
The operations plans for the baseline Shuttle system describe a small fleet of
non-dedicated orbiters, with a rapid ground turnaround cycle. Payload opera-
tions are assumed decoupled from the Shuttle in-line operational flow except
for a short installation and checkout span shortly before Shuttle-orbiter
transfer and mating to the Shuttle-booster. The unofficial WASA/KSC planning
timeline does not show any exclusive payload activities on the launch pad.
Cargo bay conditioning and purging until liftoff is implied.
Payloads require checkout in the launch configuration, including verification
of mechanical and electrical interfaces with the Shuttle, support systems and
7-10
LOCKHEED MISSILES & SPACE COMPANY
mechanisms. Duplicates or simulators of these interfaces are required GSE
for the decoupled payload ground operations mode. Standardization of inter-
faces and checkout equipment is desirable to provide reasonable costs for de-
sign, documentation, hardware and operations for the fifty or more types of
payloads.
From an overall systems viewpoint, reusable and expendable Tugs, teleoperators,
and Shuttle-carried Payload Test Sets are payloads that must be integrated with
the Shuttle and the mission payloads. In this context most Shuttle flights
will be made with multiple payloads.
7.3-2 Flight Operations
The standard Shuttle flight plan is to inject the Shuttle-Orbiter and its pay-
load^) into a 93 x 185 km (50 x 100 nm) transfer orbit at the desired inclin-
ation and time, using the main engines. All subsequent maneuvers use the QMS
or the ACPS.
At first apogee, the CMS is used to circularize the orbit at 185 km (100 nm).
The Shuttle stays in this orbit for several revolutions to permit checkout and
evaluation of the Shuttle and payloads . Some payloads may be deployed from
this orbit, while for other missions an CMS burn at the desired phasing time
will inject the Shuttle into a transfer orbit to a different altitude. Be-
cause of the large AV required, plane changes will be limited to a few degrees
and will not usually be scheduled. Upon completion of the mission, the stan-
dard reentry is made from a 185 km (100 nm) circular orbit, with the orbiter
returning to the launch site. Some additional performance capability may be
obtained by making a direct reentry from altitudes of up to about 700 km (380
nm). Payload capability and maneuvering time can be traded for maneuvering
AV; this is discussed in section 7-^« Flight duration is nominally 7 days
maximum, with the option of longer flights at the expense of payload.
Direct injection into a transfer orbit with a higher apogee than 185 km (100
nm) is possible by an off-loaded Shuttle, sacrificing either payload or maneu-
vering AV capability. Injection at higher perigee altitudes to save rendezvous
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time, is limited by Shuttle ascent heating, and data were not available on
this subject for the Study. • •
Most NASA mission operations involving single deployment of a payload or pay-
load/tug combination may be planned on the basis of the standard ascent flight
sequence. Missions involving multiple rendezvous and/or even small plane
changes require more AV than is provided by the baseline Shuttle; The options
then are to conserve AV by obtaining a higher inertial velocity from the main
engine burn or to provide supplemental tankage in the cargo bay for QMS pro-
pellants. These same measures could be used to extend the Shuttle altitude
ceiling beyond 700 km (380 nm) if there are no other inherent altitude con-
straints in the vehicle design.
Payload deployment, retrieval, repair and checkout may be semi-automated, and
the activities investigated are beyond the capability of the two-man orbiter
flight crew to cope with. A two-man cargo crew is recommended to supplement
the flight crew. While cargo crew activities would normally be scheduled for
the shirtsleeve environment of the crew compartment, the crew should have the
capability to perform suited non-pressurized IVA or EVA for inspection, deli-
cate adjustments, and repairs or emergency situations. The timeline for the
multiple revisit mission, described in section 7-^, was developed by IM3C so
that EVA could be used as a backup mode.
Payload checkout for verification of ascent survival is recommended while in
the normal parking orbit. Go-No Go decisions can be made by the cargo crew
using the Payload Test Set, or test data may be relayed by Shuttle to the
ground for evaluation. If the latter mode is adopted, the use of TDRS by
Shuttle is strongly recommended because of the .limited coverage and short
contact times that would result from dependence upon the MSFN.
Contamination control is required by most payloads. This may require restric-
tion of certain orbiter operations when cargo bay doors are open or when the
orbiter is in the vicinity of payloads or spacecraft. Approaches to limit the
problem can be applied;, these include flight operation limits, or constraints
such as :
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a. Do not use Shuttle QMS or ACPS thrusters when gas plumes can impinge upon
payloads in the cargo bay or extended (on deployment mechanism) from the
caryo bay; portions of the thruster can be deactivated during payload or-
bit operations.
b. Require a Teleoperator to use cold gas thrusting when in immediate vicinity
of a payload or when flying in or near the Shuttle cargo bay. (This "pre-
liminary requirement" has been supplied by IMSC to NASA/MSFC as a Tele-
operator constraint relevant to payloads.)
Effort should be applied very early to define the future payload acceptable
contamination environment in depth and to assign specific design and operation
criteria to the Shuttle to obtain the minimum feasible contamination level in
the cargo bay consistent with cost-effective Shuttle hardware.
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7«^ Multiple-Payload Placement and Multi-Mission Revisits
The performance capability of the reference baseline Space Shuttle System is
greater than required by a number of the individual missions in the Fleming
Mission Model. The Task 1.1 Mission Analysis Report of this Study, EMSC-
A999035, 15 November 1971, suggested some groupings of missions to reduce
transportation costs for initial placement and for revisit operations, par-
ticularly in LEO. High energy missions that require a Tug, in general,tend to
utilize the full cargo bay volume or the payload weight capability of the
Shuttle. A Tug, with its' nose load of one or more spacecraft, and a Teleoper-
ator, 'is a prime example of a multiple payload set carried on a single Shuttle
flight. Figures 7-2 and 7-3, reproduced from the aforementioned Task 1.1 re-
port, show how orbit commonality could be obtained and how missions could then
be combined on one Shuttle launch. This Section J.U- vill consider a typical
revisit mission, such as the late 1987 one shown in Fig. 7-3, with respect to
alternative shuttle capabilities and flight operations plans. Because no de-
tail on revisit cargo and activities exists, assumptions have been made by IMSC
based on analysis of the missions and proposed designs of the spacecraft and
experiment packages .
7.^ .1 Revisit Mission Scenario
The basic revisit mission is assumed to be a combined revisit mission to the
four large observatories, HEAD, 1ST, ISO and LRO (NASA Mission No. lU, l6, 18
and 2o, respectively). The observatories are assumed to be placed in a co-
planar 600 km (32*4- nm) circular orbit inclined 30°, with a period of 96.53 min.
(This choice resulted from Task 1.1 of the EEFO Study and makes possible mul-
tiple revisits in a single shuttle flight.) The Aerospace Final Report, Vol V,
Aug. 1971, shows revisits to the major observatories at six month intervals;
Vol II gives gross revisit weights for each mission but does not detail what
is to be done, the hardware to be carried to orbit, or how the revisit activi-
ties are to be accomplished. IMSC has established a shuttle revisit plan or
scenario in greater depth than the references cited in order to highlight po-
tential critical orbit operations, payload design requirements, or performance
demands on the Shuttle. For the case considered in the analysis, a single
LOCKHEED MISSILES & SPACE COMPANY
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Shuttle flight is proposed wherein revisit will be made to four separate obser-
vatory-type spacecraft in a single low-earth orbit; the basic objectives of
each revisit are (l) to adjust, repair, or update the experiment package aboard
each observatory and (2) to make repair to the spacecraft elements of the obser-
vatory by replacement of certain equipment modules. The following are phases
of the revisit operation.
a. Ground Installation and Checkout - Replacement mission equipment modules
and mission and spacecraft expendables for each of the observatories to be
visited on the single Shuttle servicing flight will be assembled, installed
in a storage, checkout and transport (SCAT) rack and thoroughly checked out
on the ground. Three to six days before scheduled launch, the SCAT-RACK
will be installed in the Orbiter cargo bay and connected to the on-board
payload checkout system and shuttle power and data bus. After initial
pre-launch ground tests the equipment remains quiescent except for safety
monitoring until it is in orbit.
b. Launch/Ascent and On-Orbit Module Checkout - The Shuttle launches from ETR
into a 93 x 185 km (50 x 100 nm) transfer orbit, inclined 30 , and circul-
arizes at 185 km. The payload, in this case, the individual replacement
modules for experiment packages and spacecraft of the observatories to be
visited, are checked out to verify survival of the launch, ascent and ini-
tial orbit environment. The Shuttle remains in the parking orbit until the
phasing is right for a Hohmann transfer to 600 km (32^  nm) for rendezvous
with the first spacecraft to be revisited. After circularization the Shuttle
performs a series of line-of-sight rendezvous maneuvers culminating in a hard
or soft docking with the observatory.
c. Module Replacement and Observatory Checkout - Manipulators, Teleoperators,
and/or EVA are used to remove replaceable mission equipment modules and "ex-
pendables" containers from the observatory and install the replacement mod-
ules. Observatory operation with the new configuration and/or equipment is
verified by checkout, self-test, and/or by tests controlled from Shuttle or
the ground.
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d. Transfer to Other Observatories and Return - The Shuttle then burns into
an elliptical phasing orbit, coasts for the required integral number of revo-
lution:;, and circularizes at apogee within line-of-sight maneuvering range of
the next spacecraft on the revisit program. This cycle is then repeated for
the remaining visits, and, upon completing the checkout of the last spacecraft,
Shuttle retro maneuvers are made into a ^ 3 x 600 km transfer orbit, and the
Shuttle reenters and lands, completing the mission in 7 days.
7.U.2 Revisit Manifest
Replacement or updated/modified modules of mission/experiment equipment vill be
carried for each of the four large observatories to be visited by the Space
Shuttle. In addition, expendables and failed or degraded spacecraft modules
may be replaced on a pre-scheduled "as required" basis. Figure 7-k summarizes
the payload or cargo weight for the major groups of revisit cargo and support
equipment. This summary is conservative in that the cargo crew and equipment
may not be charged to the Shuttle payload weight in the actual bookkeeeping;
however, the baseline data provides only for a two-man flight crew - therefore,
the cargo crew must be charged to payload. EVA may not be required if all
spacecraft and experiment packages have been successfully designed and built
for replacement, servicing, and adjustment using manipulators or teleoperators;
however, even for this situation, it is assumed that the EVA equipment would be
a basic part of Shuttle contingency supplies.
7.4.2.1 Special Interface Equipment. Three major items of mission support
equipment are required in the Shuttle to support the revisit mission: Payload
Checkout Set, SCAT-Racks, and Manipulator/Teleoperator, allowing for maximum
commonality in the design. The payload design provides commonality of space-
craft/experiment modules and incorporates built-in test equipment (BITE) con-
cepts at the module level.
a. Payload Checkout Set - Concepts for a Payload Checkout Set were described
in LMSC Engineering Memorandum PE-1001, which addressed primarily the checkout
of a complete spacecraft in orbit to verify launch and ascent survival. Check-
out of individual modules requires simulation of the input and output interfaces
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but does not otherwise greatly complicate the basic payload checkout set
designed to interface with systems employing modular BIBS.
•p. Storage Racks - The checkout requirement necessitates carrying the replace-
ment modules in racks, with appropriate electrical connections to the check-
out equipment. A modular type of equipment rack is proposed which can ac-
commodate the range of payload module sizes and weights, and provide protec-
tion and storage-mounting for ground and space transportation as well as the
checkout interfaces. This Storage, Checkout and Transport Rack (SCAT-RACK)
is reusable and modular in construction; it can be readily reconfigured for
each different Shuttle flight to handle the particular modules scheduled
to be carried up or returned; the interfaces with Shuttle would be standard-
ized and would not change from flight to flight.
c. Manipulator and Teleoperator - A Manipulator and/or a Teleoperator are as-
sumed as the prime tool(s) for modular replacement and adjustment in orbit,
with EVA as a backup or alternative mode of operation. Current estimates
of the weight of a Teleoperator (Bell) are around ^60 kg (1000 Ib); a mani-
pulator installed in the payload bay may weigh 1.5 times as much, depending
upon the reach and load capacity. Both may not be required on the same mis-
sion but having the dual capacity provides considerable operational flexi-
bility, including an easy solution to the Teleoperator retrieval problem.
For these reasons, therefore, 1,136 kg (2,500 Ib) has been allowed to ac-
commodate both in the complex Shuttle revisit mission to four different
observatories.
J.k.2.2 Spacecraft and Experiment Hardware. Typical equipment lists or "con-
sists" of items to be carried on revisit flights are shown in Figs. 7-5 through
7-8 for HEAD, 1ST, LRO, and ISO, respectively. It is assumed that both space-
craft and mission equipment (experiments) have been modularized, designed for
in-orbit maintenance, and/or replacement or change-out of important sub-elements,
and that BITE or the equivalent has been incorporated in individual modules or
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_First revisit items to be replaced (typical) :
Grazing Incidence Telescope Assy 200 kg
Gamma Ray Spectrometer Assy 200
Low Background Detector Assy 300
X-Ray Counter Assy 300
Spacecraft Modules:
Attitude Control (l of k- typ.) 200
Electrical Power (i.e., Battery) 200
CDP&I (i.e., Communication Mod.) 2QQ
Total 1600 kg (3500 Ib)
.Second revisit items to be replaced (typical) :
Spectrometer Polarimeter Assy 300 kg
Venetian Blind X-Ray Telescope Assy 700
Spacecraft Modules (3) 6oO
Total 1600 kg (3500 Ib)
Fig. 7-5 HEAO Revisit Consist
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First Revisit Items to be Replaced (Typical) ;
On-Axis Experiment Package ^50 kg
Imaging Field Camera Radial Package
Spacecraft Pneumatics Module 300
Total 890 kg (1962 Ib)
Second Revisit Items (typical) ;
Photometer/Polar imeter Radial Package 1^0 kg
Fourier IR Interferometer/Spectrograph
Rad. Package ikO
Spacecraft Stabilization & Control Module 660
Total 9^ 0 kg (2072 Ib)
Third Revisit Items (Typical);
Off -Set Tracker Electronics Radial Pkg. 1^0 kg
Spacecraft Power Module 360
Spacecraft Communication & Data Hand.
Module 300
Total 800 kg (1764 Ib)
Fig. 7-6 1ST Revisit Consist
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First Revisit Items to be Replaced (Typical):
Supercooled Helium Cryostat 100 kg
Electronic Receiver Module "A" l4o
Spacecraft Attitude Control Module ^60
Spacecraft Electrical Power
(i.e., Bat.) Module 2^ 0
Total 900 kg (2000 Ib)
Second Revisit Items (Typical) :
Supercooled Helium Cryostat 100 kg
Electronic Receiver Module "B" 1^ 0
Spacecraft TT&C Module 360
Spacecraft GRC Module "A" 200
Spacecraft Attitude Control
Propellant Module 100
Total 900 kg (2000 Ib)
Fig. 7- 7 LRO Revisit Consist
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First Revisit Items to be Replaced (Typical):
Photoheliograph Photomult. Group & Elect. 200 kg
Solar Telescope Detectors & .Cryostat 200
Special Sensors Module 200
Spacecraft Att. Cont. Propellaht Tank 300
Total 900 kg (2000 Ib)
Second Revisit (Typical):
Coronograph Photomult. & linage Dissectors 200 kg
Special Sensors Module 200
Spacecraft Att. Cont. PropeLLant Tank 300
Spacecraft Elec. Pwr. Module .
(i.e., Battery) 2*K)
Total 9^ 0 kg (2100 Ib)
Third Revisit (Typical);
Spectrohelio graph Gratings, Focus Drive
& Det. 300 kg
Spacecraft Att. Cont. Propellant Tank 300
Spacecraft TT&C Module
Fig. 7-8 ISO Revisit Consist
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packages. BITE is used for fault isolation to the module level during pre-
launch checkout, orbit pre-deployment checkout, and orbit post-repair checkout.
The actual "consist" for each observatory would be planned long in advance and
be based upon mission plans and statistical analyses and life predictions of
spacecraft and mission elements; this would be modified two to four weeks prior
to launch if the progress or results of experiments or spacecraft telemetry data
indicated a change was desirable or necessary. For example, a replacement of
the Spectrometer Polarimeter Assembly may have been planned for the second HEAO
revisit (Fig. 7-5 ), but trouble in this unit might necessitate changeout on
the first revisit and deferring of something else, say the X-ray Counter Assem-
bly, until the second trip. Such flexibility and quick reaction is desirable.
7.^ .3 Flight Plan Tradeoffs
The scenario previously described is, of course, just one of many alternate ways
to perform the mission. In general, two basic tradeoff considerations can be
applied: (l) time can be traded for AV in the phasing orbits; and (2) Shuttle
Orbital maneuvering capability can be traded against payload weight. The fol-
lowing paragraphs provide reference data and describe the various tradeoffs
made. The Revisit Mission Velocity budget utilized, based on a 10-revolution
phasing maneuver, is shown in Fig. 7-9-
7.4.3-1 Relationship Between Payload Weight and Shuttle AV. There is a direct
relationship between payload weight (or gross Orbiter weight) and the Shuttle
orbital maneuver capability for a specific OMS/ACPS propellant capacity. In
these analyses, for simplicity, all the maneuvering AV has been considered as
applying to the OMS; for the multi-visit mission it may be necessary to assign
a small part of the supplemental AV propellant to the Shuttle ACPS to take Care
of the multiple docking requirements. The ability of Shuttle to transfer pro-
pellants from supplemental tankage in the cargo bay to both the OMS and the
ACPS is thus implied, unless the ACPS has sufficient reserve capacity to ac-
commodate the additional maneuvers. The baseline Shuttle employs cryogenic
OMS/ACPS propellants and provides fluid services to the cargo bay, thus making
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the use of supplemental tankage easy. Recent alternative Shuttle systems have
postulated using storable propellants and IM Ascent engines for QMS vith no
interconnections between QMS modules or to the cargo "bay, and with tankage
::;i?.f.:d for 305 m/G (1000 fps) AV. Tradeoffs for some of these variants to the
baseline were also considered.
7A.3.2 Alternatives for Orbit Phasing. In order to change phase in a given
orbit, the lowest energy maneuver consists of a tangential injection into an
intermediate elliptical orbit of different period, and tangential re-injection
into the original orbit. Depending on whether the intermediate orbit period
is smaller or larger, the vehicle will be displaced in the forward or backward
orbit direction. The maneuver must be completed within an integral number of
revolutions in intermediate orbit.
Maneuvering requirements have been calculated for 600 Km (324 nm) circular or-
bit altitude. Figures 7-10, and 7- H present AV requirements versus the cir-
cumferential displacements in the forward and backward direction, respectively.
Doubling the number of revolutions in intermediate orbit doubles the circumfer-
ential displacement at equal AV. Figure 7- 12 presents the apsis altitude of
the intermediate orbit. It should be noted that for certain forward displace-
ments, the intermediate perigee altitude may pose an orbit decay problem.
Figures 7- 13 and 7- 1^ present the total elapsed time as a function of various
forward and backward displacement maneuvers, respectively.
The legend used in Figs. 7-10 to 7-1^  is as follows :
AX circumferential displacement in orbit, km
A9 change in central angle, deg
AV total delta velocity, m/s
h. altitude of intermediate orbit apsis, km
T total elapsed time for phasing, hr
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7-4.3.3 Tradeoff of Baseline Shuttle AV. The total revisit payload for the
four observatories is, from Fig 7-^, 7,087 kg (15,624 lb). However, the base-
line Shuttle has a structurally-limited payload capacity into the injection or-
bit (30° inclination) of 29,1*84 kg (65,000 lb). Figure 7- 15shows how this ex-
cess capability, can be traded for additional AV. The integral tanks are first
filled to the maximum 6lO m/s capability, at a weight penalty oi' 4,490 kg (cryo-
genic propellants). Using a mass fraction for supplemental tankage and plumb-
ing (to be installed in the payload bay) of 0.92, 16,352 kg of supplemental
propellants can be carried. This calculates to be equivalent to an additional
610 m/s (2000 fps) of AV, for a total of 1220 m/s. Because the assumed revisit
mission profile requires only 885 m/s (2904 fps), an excessive reserve AV capa-
bility of 335 m/s (1100 fps) could thus be available. This would permit chang-
ing from the 10 Rev. 90° coplanar orbit transfer to a 6 Rev., 90°, 9.2 hr. trans-
fer, thus saving 6^- hours on each of the three transfers. Alternatively, the
excess AV could be used for limited plane changes if one of the satellites to
be revisited had drifted out of the common coplanar orbit. The supplemental
propellants require approximately 1m of cargo bay length for 3700 kg (or one ft
for each 2500 lb), at a 0:F ratio of 5:1.
Still another option is to trade some of the excess Shuttle performance capa-
bility discussed above for additional payload. Figure 7- l6 shows how part of
the capability is converted to supplemental AV tankage and propellant to pro-
vide the total of 885 m/s required by the budget of Fig. 7-9 . The remaining
payload capacity is 9,524 kg (20,996 lb), which could be used for sortie ex-
periments or perhaps for a free-flying payload deployed at some intermediate
orbital condition. Alternatively, the maximum revisit payload capability to
the four observatories is l6,6ll kg (36,620 lb).
7.4.3.4 Alternative Shuttle Systems. Recent NASA/MSC interest seems to be
concentrated on using the IM ascent engines and storable propellants for Shuttle
OMS. This presents some potential problems in redesign/requalification for
longer lifetimes than the 550 seconds of burn time this engine has been quali-
fied for, or the 1000 seconds that has been demonstrated. An engine lifetime
on the order of 4000 seconds is desirable for a two-engine OMS for the described
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revisit mission. Figure 7-17 shows the tradeoff for a baseline Shuttle modified
only by substitution of storable QMS propellants for cryogens, assuming the same
AV is available from integral tankage and that supplemental tankage can be in-
stalled in the cargo bay. If the minimum AV of 885 m/s is provided, an excess
payload capability of 5,32*1- kg (11,737 Ib) vould still be available, making the
total revisit payload capability I2,4ll kg (27,361 Ib). Converting all of the
excess capability to AV provides a reserve or excess AV of 109 m/s (356 fps).
The MSC-040A Shuttle (September, 1971) had a nominal AV of 198 m/s (650 fps),
but recent information suggests that this has been upped to 305 m/s (1000 fps).
Using the 305 m/s data, the revisit mission was examined to see what .could be
done with the limited maneuvering capability. Figure 7-l8 summarizes the re-
sults. With this restraint, multiple revisits on one Shuttle flight are not
possible with the 90 orbit spacing of the observatories. In fact, the stan-
dard flight plan of injecting at 93 km (50 nm), circularizing at 185 km (100
nm), and then using a Hohmann transfer to the 600 km (32^ nm) rendezvous point
is also not feasible. This flight profile would require 276 m/s, leaving in-
sufficient AV for return to earth. Therefore, a direct injection into a 93 x
600 km transfer orbit by the Orbiter main engines is postulated. Mission weight
for a single visit (HEOS was selected for the example) was derived from Fig.
7- k as ^ 360 kg (9612 Ib). Since the Orbiter is not fully loaded, the 13,300
kg of QMS propellants will provide approximately 365 m/s (1200 fps) of AV. This
is sufficient for the direct injection, rendezvous and docking, and retro for
entry, with a reserve of 5^ m/s (177 fps). A separate launch is required, of
course, for each revisit. It is concluded, therefore, that provisions for sup-
plementing QMS propellants should be required for all Shuttle designs.
7.^ .3.5 Revisit Timelines. A representative revisit timeline for the selected
revisit mission is shown in Fig. 7-19- This timeline provides for 1^ revolu-
tions in the 185 km parking orbit for checkout of the support equipment and re-
placement mission equipment to establish ascent survival. If, for example, a
critical replacement item for one of the observatories did not function after
experiencing the launch and ascent environment, the mission flight plan might
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then be modified to bypass that destination or, on the other extreme, to allow
more time there. The launch window was selected to enable direct transfer from
the parking orbit to the first target without a separate phasing maneuver. In
general, a 7-hour and an 8-hour work period, separated by a 12-hour rest period,
have been allowed at each stop. Based on current NASA policies, the maximum
duration of EVA is k hours, and 3 hours are required to prepare for it, includ-
ing dcnitrogenation; hence this timeline permits two periods of EVA at each ob-
r.ervutory should EVA be required. Operation of manipulators and/or tele operator;
require;:;, great coordination and attention, and the practical work periodr, with
these devices are probably also limited to less than 8 hours. Twenty hour:; are
allowed for preparation and phasing maneuvers, including a 12-hour rest period
for both Shuttle and cargo crews. A 10-revolution, 15-7 hour phasing operation
was selected to conserve AV.
7-^0
LOCKHEED MISSILES & SPACE COMPANY
IMS C-D154600
7-5 Summary of Constraints
The preceding portion of this report described (a) the baseline Shuttle used
in the Payload Effects studies, (b) the typical unmanned separable payloads
in the NASA Mission Model, (c) low-cost payload derivatives obtained by ap-
plying the low-cost principals identified in the previous Payload Effects
Analysis Study, and (d) the compatibility (or lack of) between the baseline
Shuttle capability and the requirements of the payloads. For the most part,
tho Shuttle environment levels (acoustic, vibration, acceleration, pressure)
and the support services (electrical, power, communications and data handling,
guidance accuracy, stability and maneuver rates) are compatible with payload
requirements or necessitate only small payload design accommodations.
There are, however, a few cases in which the payloads are specifically con-
strained by the Shuttle; these are identified in the subsequent paragraphs.
7.5.1 Orbiter Payload Capability
The maximum payload limit of 29,U84 kg (65,000 Ib) is a distinct constraint
for :
(a) Syneq "up-and-back" Missions with a reusable L00/LHp Tug.
(b) Planetary and high energy missions requiring the large LOp/LHp Tug.
(c) Multiple revisit missions to the large LEO observatories
(d) Liquid Oxygen tanker (not in the Mission Model)
Recommendation; Maintain 29,484 kg (65,000 Ib) as a minimum acceptable
performance figure and provide structural capability for a 15 percent increase.
7.5-2 Cargo Bay Dimensions
The U.57m (15 ft) maximum payload diameter has been a constraint in Tug design,
resulting in a maximum Tug tank diameter of 4.27m (l4 ft); this is acceptable
as the reusable Tug is still weight constrained. Currently-defined payloads
directly placed by the Shuttle fit within the l8.3m (60 ft) allowable length,
although some, like the 1ST, have small margins if spare payload modules and
LOCKHEED MISSILES & SPACE COMPANY
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a Tolcoperator are carried. Length becomes critical when multiple payloads
Lin- carried, and could prevent making full use of the Shuttle weight capacity.
Cluster spacecraft characteristics have not yet been fully defined, but it is
already apparent that volume constraints will necessitate multiple flights and
on-orbit assembly.
Recommendation; Do not reduce the already marginal specification for a *4-.57m
_(_15 ft) dia. by l8.3m (60 ft) long clear volume for payloads exclusive of de-
ployment devices, manipulators, ABES or other intrusions.
T.5-3 Supplemental QMS Capability
The baseline Shuttle requires QMS tankage for 610 m/s (2000 fps) of AV for the
space station resupply mission. Alternate Concept Studies have considered
providing capability for only 305 m/s (1000 fps) of AV. Multiple placement
and revisit missions in LEO could easily utilize 915 m/s (3000 fps) or more,
and are impractical with only 305 m/s (1000 fps) available. Full payload in-
jection is limited to only 510 km (275 nm) in this latter case. The alterna-
tive to providing additional maneuvering AV is to use either expendable or re-
usable Tugs even for the LEO missions. QMS engines should have rated life at
least sufficient to perform the multiple revisit mission in a single Shuttle
flight.
Recommendation; Specify that the orbiter have the capability of carrying sup-
plemental QMS propeHants in the cargo bay, with the weight of the additional
tankage and prope Hants charged to pay load.
7.5-^ Crew Workload
The tasks associated with checkout, handling, servicing, deployment, docking,
on-orbit repair, and retrieval of payloads require the full capabilities of a
trained two-man cargo crew. EVA is considered a backup mode for the above
types of operations, available on every flight. A 7-day revisit mission to
the large observatories requires two men working 12 hours a day, in addition
to the orbiter flight crew.
LOCKHEED MISSILES & SPACE COMPANY
Recommendation: Provide a 2-man cargo crew and provisions therefor in addition
to the pilot and co-pilot as part of the basic orbiter configuration.
Y-I>.5 Cargo Bay Access
An important "low-cost payload" approach is the checkout and inspection of each
payload in orbit to verify launch/ascent survival, and the ability to make modu-
lar repair/replacement from on-board spares carried for that purpose. In some
cases this activity could be best accomplished by suited IVA. Deployment,
stowage, and use of Teleoperators may at times require IVA or EVA assistance,
either because of inaccessibility of Teleoperator to trouble area, need for
delicate handling not possible with Teleoperator end-effectors, malfunctions
of automated devices, accidents or emergencies. Both visual and physical ac-
cess is required from the crew compartment to the cargo bay. When large pay-
loads are carried it would be highly desirable to have a catwalk or access
passage full length of the bay outside of the payload clear volume, as an al-
ternative to EVA with the cargo bay doors open.
Recommendation: Specify an airlock between the Shuttle crew compartment and
the cargo bay. Provide visual access by windows and by closed circuit TV to :
(l) entire cargo bay, (2) to payloads on the extended deployment mechanisms,
and (3) to the docking match.
7.5.6 Installation and Checkout Time
The two-week turnaround goal for the baseline Shuttle has compressed the al-
lowable time for Shuttle-orbiter refurbishment and checkout, booster mating,
transfer to launch pad', propellant loading, countdown, and launch. Prelim-
inary timelines have been prepared primarily by people principally concerned
with the launch vehicle. Allocation of time for installation and checkout
(l&C) of payload in the orbiter has varied from l6 hours on early planning
schedules to less than 8 hours on recent schedules. While probably adequate
for inert cargo or a single simple payload, I&C of single or multiple payloads
in such short spans would require very extensive payload preparation facilities,
including ground simulation of orbiter physical and functional interfaces.
LOCKHEED MISSILES & SPACE COMPANY
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Recommendation; Allocate a minimum of l6 hours in the turnaround timeline for
payload I&C. Make tradeoff studies of cost of payload GSE cost for simulation
of Shuttle interfaces versus I&C activities required for the spectrum of un-
manned separable payloads versus a longer time allocation for payload functions
in the turnaround eyele.
7-5-7 Center of Gravity Limitations
Longitudinal and lateral locations on payload eg location in the cargo bay
are not unduly restrictive for a single large payload; however, they can re-
sult in complicated payload support adaptors for multiple payloads and small
payloads having checkout requirements for viewing through the open cargo bay
doors. Multiple-Payload retrievals and placements, particularly when abort
modes are considered, are particularly constrained by the fore-aft or X-axis
limitation.
Recommendation; Tolerances on payload eg should be enlarged, particularly the
X and Z axis constraints. Orbiter should have adequate trim capability to com-
pensate for rather large cargo eg ranges.
7«5«8 Contamination
Many payloads contain sensors, optical systems, solar arrays and thermal control
surfaces sensitive to chemical and particulate contamination. The large cargo
bay can get "dirty" during ground operations. Operation of deployment devices
and manipulators, use of ACP3 thrusters, jettisoning of wastes and other efflu-
ents, venting of propellants are potential on-orbit sources of contamination.
The approach of requiring each payload to provide individual protection, by
cover doors, bags, cans, etc., increases complexity and cost; decreases relia-
bility and limits flexibility of both the payload systems and the Shuttle.
Recommendation; (l) Incorporate cleanliness requirements in the cargo bay de-
sign, (2) Locate ACTS thrusters to avoid impingement into open payload bay or
upon payloads extended therefrom, (3) Prohibit Shuttle venting and dumping when
near payloads or when cargo bay doors are open.
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Section 1
INTRODUCTION
1.1 BACKGROUND
LMSC has been performing, for NASA Headquarters under Contract WAS W-2312, a
study of the economic impact upon the projected 1979-1990 NASA/non-NASA space
program of implementing varying degrees of spacecraft and subsystem low-cost
design and standardization. These degrees are:
a. Standard Subsystems - to be utilized with mission-pecularized payloads
b. Multi-mission Standard Spacecraft - to replace single mission-peculiar
spacecraft for Low-Earth Orbit (LEO) missions
c. Cluster Spacecraft - to replace groups of mission-peculiar LEO
spacecraft
1.2 TASK OBJECTIVES
The overall study task flow is shown in Fig. 1-1. This report summarizes the
results of Task 1.8, Program Plans and Costs. The overall data flow leading
into Task 1.8 is shown in Fig. 1-2.
The objective of Task 1.8 was (l) to measure the cost impact of low-cost re-
furbishable and standardized spacecraft hardware when applied to ^5 specific
NASA unmanned and non-NASA applications programs; and (2) to compare against
the Aerospace Corp. Case A baseline costs, the impact of increasing degrees
of application of payload effects and standardization. NASA also asked LMSC
to investigate the cost impact of delaying the reusable space tug availability
until 1985.
During the course of the study NASA requested that IMSC, in addition to inves-
tigating the impact upon the ^ 5 program model, extrapolate the results to the
combined NASA, non-NASA, and DOD mission models.
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1.3 OVERALL TASK DESCRIPTION
1.3.1 Design Data Base
The results of the previous Payload Effects Analysis Study, Contract NAS W-2156,
were used as a design data base for baseline and initial low-cost payload costs.
These were combined with new design data generated in Tasks 1.2 and 1.4 for two
additional payloads, the Low-Cost EOS and COMSAT.
1.3.2 New Program Plans and Cost Estimates
Program plans were prepared and costs were estimated on a bottom-up basis for
the two new payloads, using the same procedures and estimating factors as were
used for the OAO, SEO and SRS during the original Payload Effects Analysis Study.
1.3.3 Spacecraft MMD Cost Variants
In order to measure the cost impact of varying mean-mission-durations (MMD's)
upon subsystem costs, design variants and plan variations for 1, 2, and 3 year
EOS payloads were developed and these were in turn costed. A parametric rela-
tionship for the cost impact of MMD variation was established based upon these
data and previous results.
Using specific spacecraft subsystem module costs from the detailed cost esti-
mates and applying parametric MMD variations and specific module design modi-
fications, costs for the family of subsystem modules were derived. The devel-
opment costs of the modules, if developed as program-peculiars, were calculated,
as were the costs of implementing a program of standardized modules.
1.3.4 The Various Basic Cases Analyzed
Six cases were investigated, each reflecting an increased degree of applica-
tion of payload effects; these cases were:
D-2 Low-cost design, no payload reuse, program-peculiar spacecraft
and subsystems
D Low-cost design, payload reuse, program-peculiar spacecraft and
subsystems
LOCKHEED MISSILES & SPACE COMPANY
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E Low-cost design, payload reuse, standard subsystems, program- .•-
peculiar spacecraft .
F Low-cost design, payload reuse, standard subsystems and standard
spacecraft for LEO, program-peculiar spacecraft for other missions
G Clustered, reusable standardized spacecraft for applicable LEO
missions with program-peculiar spacecraft with standard subsystems
for all other missions
E-l Same as D and E except the reusable space tug is to be available
& in 1985 instead of 1979
D - l . . • . ' . • • •
By comparing the costs of each case with the following case, the impact of the
increased application of payload effects from low-cost design, through reuse,
standard subsystems, standard spacecraft and finally payload clustering was
measured. Finally, the impact was parameterized and applied to the total
Mission Model (91 programs). The case definitions are shown in Fig. 1-3 and
the possible comparisons are shown in Fig. 1-^ -. The final activity of the
task was to measure the cost impact of changing the Space Shuttle user costs
(fee) from $7-3 million per flight to $10.5 million per flight.
1-5
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Section 2
SUMMARY
The total saving potential afforded by application of payload effects and stan-
dardization is shown in Fig. 2-1. The study results indicate further that the
savings are primarily due to payload program savings and not due to reduction
in transportation costs (this is true for either the $7.3 million shuttle or
the $10.5 million shuttle). The summary of program cost savings for the ^ 5
program mission model substantiates this conclusion, as shown in Fig. 2-2.
1 
Sa
vi
ng
s
Payload
Effect
Baseline Case A Cost
Low-Cost
Low-Cost + Refurbishment
Low-Cost + Refurbishment
+ Standard Subsystems
Cluster Mix
Percentage of Baseline Case A
LEO
15 Programs
$ 8.21 B
32%
±7%
51*
57%
NASA +
Won -NASA
^5 Programs
$16.17 B
22%
37%
k2%
W
Total
Mission
Model
J?l Programs
$ 35-8 B
27%
35%
39%
±3%
Fig. 2-1 Payload Effects Savings
The impact upon total program and peak year funding for the kj programs is shown
in Fig. 2-3. Of particular interest is the fact that implementing a full pro-
gram of standardization can reduce the peak year funding (1980) by about $1
billion.
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Type
Hardware
Expendable
Pay load
Low-Coat
ftsfurblahable
Standard
Subsystems
Standard
Spacecraft
Best-Mix
(Cluster-Mix)
Case
A
D
E
F
0
$ Billion
Pay load
Cost
$ 16.17
10. IB
9.46
9.06
8.96
Pay load
Saving
-
$ 5.99
6.71
7.11
7.21
$7.3M Shuttle
Total
Program
Cost
$ 19-78
14.59
13.86
13.29
12.91
Total
Savings
-
$ 5.19
5-92
6.1*9
6.87
$10. 5M Shuttle
Total
Program
Cost
* 19-78
16.40
15.68
15.06
Z4.55
Total
Savings
-
$ 3.38
4.10
4.72
5-23
Fig. 2-2 Summary of Cost Savings - ^5 Programs
2.5
2.0
0.5
72 74
Hardware
Std. S/S
Std. S/C
Cluster S/C
Best Mix Tot.
Baseline
Savings
No. Prog.
30
k
11
45
45
-
Total $
8.647B
0.732 .
3.530
12.909B
19.777
6.868B
(Savings)
^
\-Baseline (per Aerospace)
^
Standard Hardware Best Mix
\\\\
94 96
Fig. 2-3 Cost Breakdown and Funding Spread for Best-Mix
(Case G) - ^5 Programs ($7-3M Shuttle)
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The impact of delaying the Space Tug until 1985 is shown in Fig. 2-4. The dis-
savings from tug delay amount to about $0.5 billion. This is substantiated in
the results of the Space Tug Economics Study conducted for NASA/MSFC under con-
tract NAS 8-27709 wherein it was determined that delaying the tug until 1985
was not economically justifiable. It can be shown that this $0.5 billion loss
due to tug delay could pay for the tug development.
»---1 1985 Ttt« IOC *•
I i 1979 I\i| IOC / Subtyitn* (Ouc C)
-1-5
o
CO
c
72
Years
Fig. 2-4 Cost Enpact of Late Tug IOC
In summation, the study has concluded that there are indeed very large space
program cost savings to be obtained by use of low-cost, refurbishable, and
standard spacecraft in conjunction with the Shuttle Transportation system (as
compared to the expendable-spacecraft - Case A). Figure 2-5 shows in quanti-
tative terms the range of space program cost savings for three different groups
of programs. The total savings for the 91 programs will range from $13.4 bil-
lion to $18.0 billion depending, on the degree of hardware standardization de-
sired. For a more costly Shuttle user's cost ($10.5 million per flight), the
savings are reduced but still sizable, ranging from $9.7 billion to $14.9 bil-
lion. These savings, principally resulting from pay load coat rerluctlonn, tan-
gibly support the development costs of the Shuttle system.
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Program
Group
15 Programs
HASA + Ron-NASA
1»5 Programs
NASA + Non-NASA
91 ProKrams
Total
HUBlon
Model
Orbit
Dest.
IEO
I£0
H.E.
Syneq
Plan.
LEO
H.E.
Syneq
Plan.
Case A
Ref.
C<Mt
$ 9.10B
$19.78B
$46. OB
Program Savings - $ Billion by CAS*
$T.3K Shuttle
Lov-Cogt
Refurbish
Case D
$ 3-59
* 5-19
$13A
Standard
Subsystems
Case 2
$ 3.89
$ 5.92
$15.0
Standard*
Spacecraft
Case P
$ U.U2
$6.U9
$16.6
Cluster
Mix*
.Case C
$ U.8U
$ 6.8T
$18.0
$10.94 Shuttle
lav-Coat
Refurbish
Case D
$ 3.10
$3.38
$9.7
Standard
Subsystems
Case E
$ 3.UO
$ U.10
$11.3
Standard"
Spacecraft
Case F
$ 3.99
$U.T2
$13.1
Cluster
Mix*
Case G
$ U.53
$ 5.23
$1"* .9
• Standard and Cluster Spacecraft applied to IEO missions only.
Fig. 2-5 Space Program Savings - Summary
In terms of percentage of total space program costs, the ranges of savings are
shown in Fig. 2-6. For a $7.3 million Shuttle per-flight cost, the savings
range from 26% to 53$; for the $10-5 million Shuttle user's cost, the savings
remain a significant 17$ to 50$.
Type
Hardware
Low- Cost
Refurbishable
Standard
Subsystems
Standard
Spacecraft*
Cluster*
Spacecraft
Percentage Saving
$7-3M
26 -
30 -
33 -
35 -
Shuttle
40$
^3$
48$
53$
$10. 5M Shuttle
17 - 34$
21 - 37$
24 - 44$
26 - 50$
*applied to LEO missions only.
Fig. 2-6 Percentage Savings with Various Spacecraft
Approaches
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Regarding the economic merit of implementing standardization, an economic analy-
sis was conducted using the methodology of present value as developed by Mathe-
matica, Inc. The summary of this is shown in Fig. 2-7 for the $7.3 million
shuttle using a social discount rate of 10%. These data clearly show the mag-
nitude of the potential payoff of implementing standardization.
Case
D
E
F
G
Description
Reference Case
No Standardization
Standardized
Modules
Std. Spacecraft***
and Std . Modules
y y y
Cluster Spacecraft
and Std . Modules
Non-Discounted
Investment
0
98.02
256.52
260.50
Savings*
0
723.70
1298.97
1677.11
Net Present Value
In vestment
#*
0
62.05
1U6-.58
151.95
Savings*
#-#
0
322.51
501.05
6o6.U9
* Based upon $7.3 Million Shuttle User's Fee
** 10$ Social Rate of Discount (1970 $)
*** LEO only
Fig. 2-7 Present Value (Discounted) of Standardization Savings ($ Millions)
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Section 3
TASK PLAN AND APPROACH
3.1 APPROACH TO ANALYSIS
3.1.1 Overall Approach
The overall approach used in determining the costs of the various mission op-
tions and, in turn, the cost impact of standardization is shown in the flow
chart, Fig. 3-1. Basic inputs to the analyses were the selected mission model,
the transportation system recurring costs and the capabilities and limitations
of the Space Shuttle/Space Tug.
3-1.2 Mission Model and Flight Schedules
The Mission Model provided placement schedules, individual payload required
lifetime, and final orbital destinations. These data were used to determine
specific flight schedules by application of the repair and refurbishment plan
developed during the study. The results were introduced into the capture
analysis which derived a specific year-by-year mission-by-mission activity
schedule.
3.1.3 Shuttle/Tug Schedules and Costs
Transportation requirements in terms of weight and velocity were coupled with
the performance and limitations of the transportation system to determine over-
all Shuttle and Tug schedules and in turn transportation costs.
3.1.*)- Payload Cost Estimate^
The specific spacecraft point-design data were translated into program costs
using "Bottom-up" costing; cost variants were extrapolated from specific point
designs in terms of MMD, weight and physical characteristic variations.
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3.1.5 Automated Payload Program Cost Summations
The activity schedules and costs were combined using an LMSC-developed computer
program, STAR/ANNEX, to determine overall program costs for each mission and
case examined. The final cost data were calculated both in undiscounted con-
stant year 1970 dollars and discounted at 10$.
3.1.6 Fayload Data
a. Historical Payload Data. A considerable amount of pertinent data was de-
rived in the initial IMSC Payload Effects Study. Point designs of three
low-cost payloads were developed based upon the historical performance re-
quirements : the NASA/Goddard-Grumman Orbiting Astronomical Observatory
(OAO); a Synchronous Equatorial Orbiter (SEO - a derivation of the NASA/
Langley-Boeing Lunar Orbiter); and a Small Research Satellite (SRS - deri-
vation of an Air Force-LMSC satellite). Baseline (historical) costs were
analyzed and equivalent detail cost estimates were made for the low-cost
designs. These data are presented in the Final Report, IMSC-A990556, dtd
30 June 197!-
b. New Payload Point Designs. Additional point designs were created for low-
cost, refurbishable spacecraft elements of an Earth Observatory Satellite
(EOS - patterned after a NASA/Goddard "growth" version) and a Domestic
Communications Satellite (COMSAT - patterned after an advanced version of
Syneq-orbit INTELSAT). Standard spacecraft equipment modules were also
designed to replace the mission-peculiar equipment for the baseline ^5
missions. Also, point designs of standard spacecraft and cluster space-
craft have been developed. Analyses have been made to determine the impact
on spacecraft RDT&E and Unit cost of varying the spacecraft MMD.
c. Summary of Data Sources. Figure 3-2 summarizes the primary data sources
utilized. The Aerospace data are contained in Vol. I through Vol. V of
their report No. ATR-72 (723l)-l, dtd August 1971.
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TOTAL
PROSiAM
OQSTBIO
Hew S/C Procurement
Orbital Repairs
Orbital Refurt
Retrieval*
Ground Refurb
Re»Ult«
Backup S/C
Repeat £xper. RU>
Nev ExparlnentB
Fig. 3-1 Approach to Analysis & Costing
Payload Effects Study - NAS W-2156
• OAO (1 yr) i
• SEO(Zyr)
• SRS(.Syr) I
ftyload Effects Follow-On Study - NAS W-2312
EOS (1 yr)
COMSAT (5 yr)
Cost Impact of MMD
Standard Modules
Standard Spacecraft
Cluster Spacecraft
• Aerospace Study
• Baseline Traffic Model Definition
• Experiment Weights and Costs
• Transportation Costs
• Space Tug Economics Study - NAS 8-27709
• Computer Program
• Tug Performance
• Baseline Design and Costs
• low-Cost Design and Costs
• CER's
» Low-Cost Designs
• RefurMshaMe Designs
Fig. 3-2 Data Sources
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3.2 GROUNDEDLES AND ASSUMPTIONS
The major groundrules and assumptions underlying this task effort were :
(1) Use NASA/HQ Mission Model dated March 1971 less outer planets missions,
(2) All nev cases established to be comparable to Aerospace Case A.
(3) Spacecraft Mean Mission Duration (MMD) to be the same as Aerospace
Case A (no optimization).
(*0 All spacecraft to be Shuttle-launched (except Case A).
(5) Baseline costs for spacecraft and space transportation same as those
reported by Aerospace for Case A.
(6) Develop alternate cost streams for 1979 and 1985 Space Tug IOC.
(7) Apply Standard Spacecraft and Cluster Spacecraft to LEO missions only.
Apply Standard Subsystems to LEO, High-Energy, Syneq, and Planetary
Missions.
(8) All Payload repair or refurbishment accomplished in orbit. Modules
only returned to earth for refurbishment.
(9) Use $7.3 million per Shuttle flight and $0.6 million per Space Tug
Flight as user fees (later altered to also include $10.5 million
Shuttle costs)
(10) All payloads (except Case A) to be low-cost, refurbishable versions
with increased payload weight and volume.
(11) Use calculated full-refurbishment and repair (partial refurbishment)
costs for all missions. Use alternate repair and full-refurbishment
Shuttle flights.
(12) Low-cost, refurbishment/reuse, and standardization principles/costs
not applied to experiment packages. Baseline costs of experiments
carried as constant dollars; baseline experiment weights increased
to allow later incorporation of low-cost versions. Experiment oper-
ations costs per Aerospace.
3-3 CASES STUDIED AND COMPARISONS MADE
The objective of this task is to determine the economic impact of standardiza-
tion in various forms upon payloads. The cases selected for study encompassed
many variations, thereby permitting comparisons and actual measurement of the
cost impact . Four distinct cases were defined (D, E, F and G) . In addition
LOCKHEED MISSILES & SPACE COMPANY
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to these four basic cases, there were four variations ~- two associated with
Case D and two with Case E; these were labeled with D-l, E-l, D-2, and E-2.
The letter case designations were used in order to prevent confusion with the
cases previously studied by Aerospace (Cases A, B, and C), which also dealt with
low-cost design and refurbishment.
The cases are as follows :
A Baseline (Aerospace) - Expendable payloads and launch vehicles
D Low-cost reusable payloads - Peculiar Subsystems - Tug/Shuttle
IOC 1979
D-l Low-cost reusable payloads - Peculiar Subsystems - Tug IOC 1985
D-2 Low-cost expendable payloads - Tug IOC 1979
E Low-cost reusable payloads - Standard Subsystems -
Tug/Shuttle IOC 1979
E-l Low-cost reusable payloads - Standard Subsystems - Tug IOC 1985
E-2 Low-cost expendable payloads - Standard Subsystems - Tug IOC 1979
F Reusable standard spacecraft and subsystem for LEO mission
G Standardized cluster spacecraft for LEO mission
The Aerospace Case A has been used as the baseline for all new capture analyses
and cost analyses. This case comprised launch of mission-peculiar expendable
payloads upon expendable launch vehicles.
The three D cases also cover mission-peculiar spacecraft but incorporate low-
cost and refurbishable characteristics and utilize the Shuttle in lieu of ex-
pendable boosters. Case D-l is a variant with the later Space Tug IOC in 1985.
Case D-2 utilizes the same low-cost spacecraft in an expendable mode but with
a reusable tug available in 1979«
The three E cases utilize a mission-peculiar spacecraft (spaeeframe, integral
wiring harnesses, thermal control) but with standard subsystem modules installed
(S&C, CDPI, Electrical, and ACS). Cases E-l and E-2 are variants equivalent to
D-l and D-2 (late Tag IOC date and expendable spacecraft mode, respectively).
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Case F designates a group of Standard Spacecraft, one launched in lieu of each
mission-peculiar spacecraft in Case D. The Standard Spacecraft was applied to
15 LEO missions only.
Case G designates a Cluster Spacecraft, one launched for each selected group of
missions in lieu .of the mission-peculiar spacecraft in Case D. The cluster
spacecraft was applied to 11 LEO missions only.
The case-by-case differences are highlighted in Fig. 3-3- Comparison of these
cases permitted examination and quantification of the cost impact of payload
effects and standard hardware.
3.^  DERIVATION OF PAYLOAD COST IMPACT
The payload cost impact of standard hardware application and low-cost design was
measured by A$ as shown in Fig. 3-^ . This figure is a matrix of the cost impact
areas plotted against the cases. The pairs of dots (joined by arrow) on any
line item indicate that the A$ for that particular cost-impact area can be de-
rived by subtracting the right hand Case ($) from the left-hand Case ($).
To derive the cost savings due to use of low-cost design, subtract cost of Case
D-2 from cost of Case A. All spacecraft are mission-peculiar and launched in
expendable mode. For this A$ saving, the payload costs only will be subtracted
because the transportation costs for Cases A and D-2 are not equivalent (respec-
tively, expendable booster and Shuttle).
For all other case comparisons, the transportation costs are included.
In similar fashion, the savings due to refurbishment and repair can be derived
by taking the differences between Cases D and D-2 or between E and E-2, since
the latter represent expendable payloads and the former reusable payloads with
transportation varying accordingly.
The standard-subsystems savings are derived from the comparison of Case D (mis-
sion peculiar) costs with those of Case E costs. The savings due to standard
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Cut
A A
0
D-l
J>-2
E
S-l
E-2
r
a
Spacecraft
Type
Mission-Peculiar
Baseline
Miss ton -Peculiar
(Leo-diet }
(Rafurblshable)
Mission-Peculiar
Lov-Obst
Refurblsnable
(Standard )
Ion-Cost
Rafurblshable
(Cluster )
Low-Coat
Rafurblshable
Par Load
Usage
Expend ab La
(Reusable )
Reusable
(Expendable )
Reusable
Reusable
Expendable
Reusable
Reusable
Subsyateas
Type
Mission
Peculiar
(gtandanQ
Spacefrane
Type
Mission-
Peculiar
/"Standard's
1 B/C J
. ^G22D
Trans portat loo
Expeadablo
^Reusable 3
racpenaelile/A
LReugable J
Reuaabla
Reusable
Expandable/
Reusable
Reusable
Reusable
Reusable
Space fiig
toe
f.A.
19T9
1965
1979
1979
1965
1979
N.A.
B.A.
Mission
Application
All
All
All
All
All
All
All
/• ao \V^auJ
120
only
A0roapace Ckae A
Fig. 3-3 Case Definition
7~i — -^ *****Cost-^ -^~^^^
Sharing Category"-^ ^^
Low -Cost Approach
Rflfurblshmsnt/Repjlr
Standard Subsystems
Standard Spacecraft
(LEO Missions only)
Cluster Spacecraft
(LEO Missions only)
Delayed Reusable Tug
Baseline
A
a*
Full Low-Cost
D
• A-D2
CJ
• -^
a -
• m
D-l
A
-.0-1
_^_
4 -D
D - Dl
^a
D-2
2
•»• •>
. E
Std. Subsystems
E
&
A» -
• -i
E-l
. S-E2
£
E - El
— •
E-2
I - E -
Std. S/C
F
?
&*•
• -••
Cluster
G
7 - 0
— ^*"»
Oo« payload-only coats.
Fig. 3-U Case Comparison Matrix
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spacecraft application to LEO missions only are represented by the difference
in costs between Case F and Case E LEO mission. Both of these cases utilize
standard subsystems.
The cluster spacecraft case comparison and the derivation of cost differential
is obtained from examination of Case F and Case G. Both of these cases also
utilize standard subsystems.
Thus in incremental fashion, the payload cost impact can be accrued from method-
ology described above for the five contributory areas:
• low-cost design
• refurbishment/repair
• standard subsystems
• standard spacecraft
• cluster spacecraft
The cost impact upon payloads of delay in the reusable-tug IOC can be measured
as shown in Fig. 3-^ by comparing the costs_of Cases D vs D-l and Cases E vs
E-l. The savings are negative and show the cost penalties to the payloads due
to six year delay of availability of a reusable space tug. No repair/refurbish-
ment operations can be performed during this period. Programs are penalized
with higher costs of expendable payloads and expendable tugs.
3-8
LOCKHEED MISSILES & SPACE COMPANY
LMSC-D157918
Section 4
DATA. BASE
This section describes the data sources utilized, their origin and derivation.
The data base for this study consists of data in three primary areas, which are
(l) mission model, (2) payload design information, and (3) cost data.
4.1 MISSION MODEL
The mission model utilized for the standard spacecraft hardware application
analysis consists of all the NASA and non-NASA missions, with the exception of
the outer planets and OMSF missions. Specifically, 45 NASA and non-NASA pro-
grams are included in the model.
Detailed examination of the DOD missions was excluded by direction of NASA HQ.
However, a parametric analysis of payload effects was accomplished by NASA
request.
Figure 4-1 shows the 45 programs which were subjected to this analysis.
Type;
Astronomy
Physics
Earth Obser
Meteorology
Communications
Navigation
Appllcatlor
Planetary
45 PROGRAMS
ration
I
Devel.
to. Rights
11/50*
5/40
7*8
4/29
7/92
2/16
5/35
4»
336 SPACECRAFT PLACEMENTS
User
NASA/OSSA
Non-NASA
Applications
Destination:
Low Earth Orbit
Medium Energy
Earth Orbit
High -Energy
Earth Orbit
Synchronous
Equatorial
Escape/
Interplanetary
36/208-
9/128
7/41'
8/71
4/35
19/167
7/22
Fig. 4-1 Baseline Mission Model
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This figure shows the 45-program breakdown by type, by user,.and by destination.
It encompasses 336 spacecraft placements over the 1979 through 1990 time period.
All of these missions are as shown on the WASA/HQ Mission Model and were included
in the Ar.-r.j^ paco Case A analysis.
4.2 DESIGN DATA BASE
'4.2.1 Summary of Design Data Used
As a result of preliminary cost-optimization analyses wherein spacecraft MMD and
reliability were traded off, the basic characteristics of new point-design space-
craft were selected (methodology discussed in LMSC report on Task 1.3, "Parametric
Analysis of Standard Space Hardware", document LMSC-D154649). Also, the array of
point designs required to cover the mission model spacecraft variants was deter-
mined. Figure 4-2 tabulates these new point designs.
Spacecraft
Type
EOS
COMSAT
Planetary
Large Astron
Observatory
EOS
Large Astron
Observatory
EOS
Standard
Hardware
Point Design
Standard
Subsystem
Modules
Standard
Spacecraft
Cluster
Spacecraft
Spacecraft
MMD
1 Yr.
5 Yr.
2 Yr.
1 Yr.
2 Yr.
1 Yr.
1 Yr.
Pay load
Reliability
.600
• 750
• 750
.600
.600
.600
.600
Potential
Mission
Applications
LEO,
Planetary
LEO, Syneq
Planetary
LEO -
Low Incl.
LEO -
Sun Sync .
LEO -
Low Incl.
LEO -
Sun Sync .
Fig. 4-2 New Point Designs
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An Engineering Memo describing the design and functional characteristics of the
hardware, was prepared for each of the new point designs. Each Memo provided
the component listings, weight estimates, and special fabrication and test tech-
niques required. The Memos prepared during the initial Payload Effects Study,
covering the OAO, SEO, and SRS, were also used as design information. The com-
plete matrix of the Engineering memos is shown on Fig. -^3.
Type
Hardware
Low-Cost .
Standard
Subsystems
Standard
Spacecraft
Cluster
Spacecraft
Application
OAO
SEO
SRS
EOS
COMSAT
Planetary
EOS
LAOS
COMSAT
EOS
LAOS
g g
e '•«
dj H^
tj ^
y o>
«/) O
PE-7
PE-27
PE-47
PE-105
PE-126
PE-156
PE-146
PE-126
PE-166
PE-186
=
 C
Z ,PjgO
0000
PE-2
PE-22
PE-42
PE-102
PE-122
-
.
-
. : e
» * > §§ll
C to C
O TO ^0 Q o0
PE-3
PE-23
PE-43
PE-103
PE-123
PE-133
-
.
. -
Q
T5 £
o> fi
c<£
PE-4
PE-24
PE-44
PE-104
PE-124
-
.
•
IP3 -5
'•& g
<o
PE-5
PE-25
PE-45
PE-105
PE-125
-
- .
•
1i/*
25»
£
a.
.
-
PE-45
PE-137
-
-
•
Fig. k-3 Tabulation of Engineering Memos
U.2.2 Description of Low-Cost and Standard Hardware
The basic standard space hardware was divided into three basic categories:
(1) Standard Subsystems/Modules
(applied to mission-peculiar spacecraft)
(2) Standard Spacecraft
(3) Cluster Spacecraft
The following paragraphs offer a brief description of each.
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h.2.2.1 Standard Subsystem/Modules.
a. Subsystems Represented. The principal spacecraft subsystems selected for
standardization were:
• Stabilization & Control (S&C)
• Communications, Data Processing & Instrumentation (CDPI)
• Electrical Power (EPS)
• Attitude Control (ACS)
The other subsystems, structures/mechanisms and environmental control, are
tailored specifically for each mission and were not considered for standard-
ization at the subsystem level. The electrical -harnesses integral with the
spacecraft (interconnecting spacecraft subsystem modules and experiment
packages) are also mission-peculiar. These "non-standard" elements are
also quite durable and inherently highly reliable; their design life has
been set at 10 years or more (without repair or refurbishment), consider-
ably longer than the standard subsystems/modules.
b. Characteristics of a Typical Module. Each standard subsystem module com-
prises a box-type enclosure in which is packaged all of the functional com-
ponents and interconnecting wire harnesses. A single electrical connector
on the back side of the box provides the functional interconnect with the
spacecraft. Guide tracks on two sides of the module provide alignment and
support for the module, mating with matching tracks permanently installed
in each cavity of the spaceframe.
A typical module is illustrated in Fig. h-h.
Each module has been designed to incorporate all low-cost attributes and
to be refurbishable down to the parts level.
c. Mission-Peculiar Spacecraft with Standard Modules. A set of standard sub-
system modules has been selected for each mission (see par. U.2.U). These
modules are installed in mission-peculiar spacecraft. An arrangement of
modules installed in a typical future spacecraft is shown in Figs. k-5a & b.
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modules per
spacecraft)
Dry Weight
r
101 Ibs
incl. ]$% contingency)
Propellant. Freon 1A 38.5 Ibs
Fig. k-h Module - Typical Standard Subsystem
- Attitude Control
h.2.2.2 Standard Spacecraft. A small group of Standard Spacecraft has been se-
lected to support the LEO missions; the spacecraft designations, their types,
and the missions they can support are listed on Fig. h-6.
Standard subsystem modules are assigned to each of the Standard Spacecraft in
accordance with each mission requirement. The module assignments are identical
with those for the mission-peculiar spacecraft (see par. U.2.1+ for detail of as-
signment).
The spaceframes (structure, mechanisms, thermal control, and integral wiring) for
the three basic Standard Spacecraft are designed for universal usage on all mis-
sions listed by the first dash number; that is, SSC-1 spaceframe will support 6
missions, SSC-2 will support U missions, and SSC-3 will support 5 missions.
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DIRECTION
OF FLIGHT
Fig. k-5a General Configuration - Future Earth Observatory Satellite
.1 •
SPACECRAFT
MODULES
EXPERIMENTS
Fig. 'i-5b Module Locations - Earth Observatory Satellite
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Standard
Spacecraft
n^ as:^ )
SSC-1-1
SSC-1-2
SSC-1-3
SSC-l-b
SSC-1-5
U^asic)
SSC-2-1
SSC-2-2
taft
SSC-3-1
NASA Mission Supported
6 OSO
1 Astronomy Explorer A
T Gravity/Relativity
23 Earth Physics
30 Small ATS
32 Coop ATS
13 HEAO
15 LST
1? LSO
19 LRO
21 Polar EOS
26 Polar ERS
77 Polar ERS
25 TIROS
75 TOS Met.
Basic
Type
Spacecraft
Small
Orbiter
(Variants
of CDPI
.and EPS)
Large
Astronomical
Observatory
EOS
/
Fig. h-6 Standard Spacecraft for LEO Missions
The mission variants, indicated by the second dash number, represent differences
only in the standard module-set assigned to the standard spaceframe for a par-
ticular mission.
The configuration of the Large Astronomical Observatory Standard Spacecraft is
shown on Fig. k-f, The configuration of the EOS-type Standard Spacecraft is
essentially the same as shown on Fig. U-5b.
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UNJUHLABLE-REFURLABLE
SUR-ORIBOTDJG SOLAR ARRAY
(Single-axis tracking)
TfPICAL UIKE-OBSERTAinff(LSI, HEAD,
LRO, or ISO)
SPACECRAFT-MODULARIZED FOR
OB-ORBIT REPtACEMEHT OF
MOTOLES
TRACKING ABTENNA (for
data link vlth TDRS)
SWING-AWAX MQUST FOR
ACCESS TO CENTRAL
HCPERfflEHT CAVTTY
Fig. k-1 Standard Spacecraft for LEO
Large Astronomical Observatory
Missions
•^2.2.3 Cluster Spacecraft. Two basic Clusters have been designed to support
the LEO missions. Their designations, missions supported, and basic type, are
tabulated in Fig. U-8. A single Cluster will support all of the missions listed.
The standard module assignments to the Cluster Spacecraft are shown in par. 1*.2.
The configuration of the Large Astronomical Observatory Cluster is shown on Fig.
U-9. That of the EOS-type Cluster is shown on Fig. U-10.-'
Cluster
Spacecraft
.
LSsjC^ j^ l(Basic)
CSC-1-1
1 CSC-2 1
(Basic)
NASA Mission Supported
1 Astronomy Explorer A
6 080
13 HEAD
15 LST
IT L80
19 LRO
21 Polar EOS
25 TIROS
26 Polar ERS
77 Polar ERS
Basic
Type
Spacecraft
Large
Astronomical
Observatory
EOS
Fig. k-8 Cluster Spacecraft for LEO Missions
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\
—IflT (Ref.)
Yoke Pivot Axli
HEAD (Bef.)
I
Extendable/Retractable •
Solar Arrays
(sun-orienting)
Fig. U-9 Cluster Spacecraft for Large Observatory
Missions
Fig. U-10 Cluster for Earth Observatory Missions
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I).2.3 Standard Subsystem Modules
Following detail analysis of the 45-mission baseline Mission Model and the par-
ticular spacecraft requirements for each subsystem, a complete inventory of
standard subsystem modules was developed. A minimum quantity of different
"basic" modules was established for each of the four subsystems; variants to
these modules were established by adding, deleting, or substituting a component
(or components) within the basic module, thereby "tailoring" the variant to be
compatible with the particular functional or design-life requirement of the
mission-peculiar spacecraft.
A set of data on these modules has been prepared, listing:
• Equipment comprising each module
• Design life
• Weight
• Reference to point-design Engineering Memo
Figure 4-11 is a sample sheet of this data package. The complete listing is in
the separate report, LMSC-D154649, "Parametric Analysis of Standard Space Hard-
ware - -Task 1.3".
h.2.h Module Assignment to Missions
The standard subsystem modules have been assigned to three sets of spacecraft:
(1) Mission-peculiar spacecraft for ^ 5 missions
(2) Standard spacecraft for 15 LEO missions :
(3) Cluster spacecraft for 11 LEO missions
U.2.4.1 Assignment of Modules to U5 Missions. The specific modules assigned
to each mission for each of the four subsystems have been listed on a master
matrix. An example of this listing is shown in Fig. 4-12.
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Mission I S&c | ropl
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1
2
3
U
5
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Astronomy Explorer
Des. Life = 3 yr
I£0
200 W
Astronooy Explorer B
Des. Life = 3 yr
HE
200 W
Kasnetosp'iere-Lov
Des. Life » 1 yr
LEO
200 W
Magne tosphc re -Mldd le
Des. Life » 1 yr
HE
100 W
Magnetosphe re -Upper
Des. Life = 1 yr
HE
100 W
060
Des. Life
LEO
500 W ^
S&C-l
S&C-2
S&C-3
S&C-2-1
S&C-U
S&C-5
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S&C-5
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S&C-3
Q^v. !i I'.od . .,o.
2
1
1
1
\
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1
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CDPI-l
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CDPI-2
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CDPI-2
CDPI-3
CDPI-2
CDPI-3
CDPI-l
CDPI-2
CDPI-3
CDPI-6
•w .«*»* *
1
1
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
EPS | ACS
";£. Jio. 1 '~~y. ,1 Mod . i,o. I Qtv.
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EPS-5
EPS-6
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EPS-1
EPS-5
EPS-6
EPS-7
EFS-3
EPS-6
EPS-7 '
EPS-3
EPS -6-1
EPS-7
EPS-3
EPS -6-1
EPS-7
EPS-1-5
EPS-6
EPS-7
A\j - •- • v ' ' x
2
2
1
1
2
2
1
1
32
1
1
8
1
1
8
1
1
2
2
1
ACS-1
ACS-1
NA
NA
KA
ACS-1
k
k
k
75
76
77
78
TIROS Op. K.-t . V
Des Life - k yr
LEO
300 W
Sync. Met.
Des. Life «= 2 yr
Syneq
uoo w
Polar ER
Des . Life = 2 yr
LEO
1000 V
Sync. ER
Des. Life = 3 yr
Syneq
Uoo w .
SiC-2-2
StC-1*
S&C-l
S&C-2
S&C-3
S&C-l
S&C-2
S&C-3
S&C-l
S&C-2
S&C-3
1 '
1
2
1
1
2
1
1
2
1
1
CDPI-2-1
CDPI-3-2
CDPI-6
CDPI-2
CDPI-3
CDPI-l
CDPI-2
CDPI-3
CDPI-6
CDPI-l .....
CDPI-U-1
2 Jfeps-l-5
1 EPS-6
1 EPS -7-1
J
1
1
1
1
1
1
a
i
EPS-l-2
EPS-5
EPS-6-1
EPS-7
EPS-2-5
SPS-6
EPS-7
.EPS-l-2
EPS-5
EPS-6
EPS-7
2
2
1
2
2
1
1
2
31
2
2
1
1
ACS-1
ACS-2
ACS-1-1
ACS-2
u
1*
k
k
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U . 2 . U . 2 Assignment of Modules to Standard Spacecraft and Cluster Spacecraft.
The specific modules assigned to Standard Spacecraft are listed on Fig. U-13a
(partial listing).
Modules assigned to the Cluster Spacecraft are listed on Fig. U-13b.
U . 2 . 5 Low-Cost Spacecraft Weights/Dimensions
Weight estimates were made for the new point-design spacecraft. Figure h-lh
is a listing showing the "standard" payload compared to the baseline payload
for the EOS and the COMSAT point designs.
Specific weight estimates were made also for each of the new standard subsystem
modules. These were combined with estimates of increased allowances for exper-
iments (to accommodate low-cost design and modularization for in-orbit repair/
maintenance) and for on-board propellents. The resultant weights for the "fu-
ture" pay loads are shown on Fig. U-15.
Also, the sizes of these future pay loads were estimated, utilizing and extra-
polating the specific point designs of spacecraft/payloads. The size estimates
are also shown on Fig. U-15-
The weight and size data were used in developing the Shuttle/Tug flight traffic
model discussed later in the report.
U.3 COST DATA BASE
The cost data base for the low-cost refurbishable payloads consists of detailed
cost estimates for five design-point spacecraft. Three of the design points
were investigated in previous Payload Effects Study, NAS W-2156. They were OAO,
SEO, and SRS low cost designs. In this follow-on study, two more payload design
points - EOS and COMSAT - were analyzed.
U.3-1 Previous Studies - OAO. SEO, & SRS
The bottom-up cost estimates for the OAO, -SEO, and SRS were presented at the sub-
system level in the Final Report for the initial Payload Effects Analysis Study
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CDPI-1
CDPI-2
CDPI-3
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EPS-7
«.*y .
2
2
8
1
^1
rfT^ol
9
8
1
ACS Subsystem
l^odule Ko.
ACS-1-1
ACS-1-1
ACS-1-1
Qty .
k
h
h
Notes: » The three different modules marked with asterisk are nev module variants required
only for the cluster spacecraft.
** Modules shown asIXX-X lare_variants to the basic SSC complement.
Fig. U-13b Standard Modules Assigned to LEO Cluster Spacecraft
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Mission
1
2
3k
5
6
7
8
9
10
11
1?
13
15
17
19
21
22
23
21*
25
26
27
28
29
30
31
32
33
3>*
35
36
50
51
52
53
5*
55
56
57
58
59
60
70
71
72
73
Ik
75
76
77
78
Astronomy Explorer
Astronomy Expl. B
Magnetosphere-Lov
Magnetosphere-Mid .
Maenetocphere -Upper
OGO
Gravity Relativity
Gravity Relativity
Radio Interferometer
Solar Orbit Puir-A
Solar OrMt Pair-B
Optical Interl'erom.
1EAO
LGT
ISO
LRO
Polar EOS
SEO
Earth Physics
Sync. Met.
TIROS
Polar ERS
Sync. ER
ATS
Small ATS-B
Small ATS -A
Coop ATS -A
Coop ATS-B
Medical Network
Educ. Broadcast
F.O. Sys. Demonst.
TDRS
Mars Viking
Mars Sample ftet.
Venus Expl. -Orb.
Venus Radar Map.
Venus Explor.-Idr .
Jup. Pioneer Orb.
Grand Tour (JUN)
Jup. TOPS Orb.
Uranus TOPS Orb.
Asteroid Survey
Comet Rendezvous
COMSAT
US Dom. Comm.
Foreign Doni.Comm.
KAV/Traf.Contr. B
KAV/Traf.Contr. A
TIROS Op. Met.
Sync. Met.
Polar ER
Sync. ER
Des.
Life
(yr)
3
3
1
1
1
1
1
1
3
5
5
5
2
o
2
2
2
2
2
2
5
2
2
5
1
1
2
2
5
5
5
3
1
3
1
2
1
2
9
3
7
4
1*
5
7
5
5
5
k
2
2
3
NASA
Baseline
Pay load
(^}
860
860
Il60
965
580
1900
li*50
1.05
10350
1820
2i* l<o
30*40
20750
21300
26810
19300
2500
1000
580
1000
1000
. 2500
1000
7950
600
600
820
820
2000
3l<00
2000
2300
7570
10290
970
7630
7260
900
ll*8o
3180
3580
181*0
1200
ll*20
31*25
1000
700
700
1000
1000
2500
1000
Future Payload WeirM (ib)
F.xper.
1*25
1*25
340
310
260
970
680
1*00
6630
1280
1280
1280
18000
ll»000
12000
13000
1600
600
1*00
1*50
600
1600
520
3000
600
600
500
500
1000
1700
1000
1200
1*200
600
800
21*00
600
1700
500
500
500
600
1*50
1600
520 '
S/C
1*130
2890
161*0
9"*0
9>*0
1*110
1*1*00
2820
3ll*0
2990
3600
3220
8090
8260
79''0
8880
5820
31*90
3660
3560
1*190
5820
31*90
1*000
3370
1*020
351*0
1*21*0
3720
1*380
361*0
3230
21800
9380
10980
15970
3210
1*070
1908
2730
2600
1*190
31*1*0
5820
31*90
Pay load
Total
1*560
3320
1980
1250
1200
5080
5080
3220
9770
1*270
1.880
1*500
26090
22260
1991*0
21880
71*20
1*090
1*060
1*010
1*790
71*20
1*010
7000
3970
1.620
i*oi*o
1*71*0
1*720
6080
1.61.0
1*1*30
26000
NA
9980
11780
18370
NA
NA
NA
NA
NA
NA
3810
5770
31*00
3230
3100
1*790
3890
71*20
1*010
1 Future FayloadSize (ft)(1) (2)
8W x 6H x 17L
10W x 6H x 12L
6 Dia x 8L
5 Dia x 6L
5 Dia x 6L
10W x 6S x 17L
10W x 6H x 17L
10W x 6H 7. 12L
lU Dia x 12L
10W x 6H x ll*L
10W x 6H x ll*L
10W x 6H x ll*L
ll* Dia x 1*OL
ll* Dia x 1*51.
ll* Dia x 55L
ll* Dia x 1*5L
10W x 6H x 22L
10W x 8H x 8L
10W x 6H x 15L
10W x 8H x 8L
10W x 6H x 17L
10W x 6H x 22L
10W x 6H x 8L
10W x 8H x ll*L
10W x 8H x 8L
10W x 6H x 17L
10W x 8H x 8L
10W x bH x 17L
10W x 8H x 10L
10W x 6H x 12L
10W x 8H x 10L
10W x 611 x 10L
lit Dia x 20L
NA
8W x 6H x 20L
8W x 8H x 20L
ll* Dia x 12L
NA
NA
NA
NA
NA
NA
10W x 8H x 8L
10W x 8H x 12L
10W x 8H x 7L
10W x 6H x 7L
10W x 8H x 7L
10W x 6H x 17L
10W x 6H x 8L
10W x 6H x 22L
10W x 8H x 8L
Size Inclusive of spacecraft plus experiment packages
Future payload Incorporates low-cost and refurbishable features
Fig. ^ -15 Future Payload Weights & Dimensions
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30 June 1971 (LMSC-A990556). Both the expendable and the refurbishable versions
of the payloads were studied tc arrive at cost savings comparisons and to eval-
uate the savings potential due to payload reuse and low-cost design. Comparisons
were also made against the baseline historical payload costs, which were also sub-
divided to the same detail of cost breakdown as the new point-design costs to al-
low direct subtraction to obtain delta cost savings.
The results of the previous study indicated about 21% savings due to low-cost de-
sign and 21% savings due to payload refurbishment and reuse.
The current follow-on study also pursued the low-cost modular design approach in
an attempt to expand the inventory of subsystem modules and spacecraft to cover
most of the missions in the NASA Mission Model. The new point designs for the
EOS and COMSAT stress standardization and multipurpose modules for overall mis-
sion model application.
U.3.2 Flans and Costs - Low-Cost Earth Observation Satellite (l-Year MMD)
.^3.2.1 General. In order to expand the data base for the study, program plans
and costs for an Earth Observation Satellite (EOS) with 1-year MMD was developed,
using the same approach as used for OAO, SEO and SRS during the previous study.
The new costs were based upon design data described in Subsection h.2 and sets
of program plans. The major difference in the approach used for planning these
programs was that the modular subsystems were treated individually as complete
programs in order to determine reference points from which the impact of modular
standardized subsystems could be analyzed. This section discusses the EOS. COM-
SAT plans and costs are discussed in par. U.3.3.
H.3-2.2 EOS Plans. The ground rules used in planning the EOS program were
similar to those used on OAO, SEO and SRS; unique features are summarized below:
(1A) The program basis was the EOS (growth version) conceptual design
study by NASA/GSFC.
(2A) For mission model application, the schedule for NASA Mission No. 21,
the Polar Earth Observation Satellite was used.
4-17.
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(3A) Per the conceptual design, a mission lifetime of one-year vas used
.for developing the initial plans. Differences in the 2 and 3-year
lifetime programs were derived. Principal cost effects vere in de-
velopment testing and hardware qualification.
(kA) It was assumed that a prime contractor would be responsible to NASA
for program development and integration and for developing the space-
craft and its mission-peculiar systems. Separate development plans
were made for each of the subsystem modules. Allowances in schedule
and estimates were made for integration and testing, at the prime
contractor level for these modules. The overall program schedule
is shown in Fig. U-l6 for the RDT&E Phase; the schedule for the in-
vestment and operations phases are shown in Fig. U-17.
(5A) Development hardware includes:
a. Qualification module units - 1 per module
b. Qualification Test Vehicle - refurbished to flight status as
spacecraft No. 3.
c. Flight Spacecraft in adequate numbers to support Mission Wo. 21.
d. These design and plans were predicated upon the availability of
a Data Relay Satellite system. Consistent with previous studies,
the services of the DRSS are assumed to be government-furnished
at no cost to the using programs.
All other common features of the previous low-cost program plans were also in-
cluded and are listed following:
(IB) 1970 state-of-the-art technology is applied. Off-the shelf hardware
used where possible in order to minimize requirements for qualifica-
tion.
(2B) NASA Phased-Program planning was used. It was assumed that a separ-
ate development program (phased) was to be applied to each of the
individual modules.
(3B) Spacecraft equipment module development is complete and modules are
qualified prior to actual need by using programs. Each using program
is provided with sets of qualified modules for use in system-level
qualification testing.
(UB) Plans and costs for module refurbishment were formulated and are dis-
cussed in par. 6.6.2
 of this report.
it.3.2.3 Bases for Costs.
a. Costs vs Spacecraft MMD. The low-cost EOS point-design was for a one-year
mean mission duration (MMD) spacecraft. Two variants of the EOS design included
4-18.
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the 2-year and 3-year MMD spacecraft and modules derived via a separate relia-
bility analysis.
b. Costs to Module Level. The EOS costs vere estimated bottom-up in even
greater detail than in the previous study. Distinct costs were accrued not only
at the subsystem level, but also at the module level.
c. Isolation of Module Costs. In order to isolate the module costs from the
total subsystem costs, the unit and development costs were separately identi-
fied as (l) those attributable to modules, and (2) those associated with the
mission-peculiar elements of the spacecraft.
d. Common Dollar Basis. In order to expand the previous study cost data base
on the same dollar basis, all the costs derived in this follow-on study are also
in 1970 dollars.
e. Quantity Base for Unit Costs. The module unit costs were based on large
quantity (approx. 50-100) procurement and represent average unit costs.
f. Costs Used for Mission-Equipment (Experiments). This study scope did not
encompass the analysis of the mission equipment. Such costs were extracted for
each mission from the Aerospace Final Report, Contract NAS W-2129, Vol. Ill,
August 1971. The mission-equipment costs utilized represent Aerospace Case C
(usually lower cost than baseline experiment costs).
•^3.2.1; New Cost Data-EOS. The summary results of the EOS cost analysis are
presented in the next five tables.
a. EOS Module Costs. Figure U-18 is the tabulation of the individual module
R&D and unit costs for the one-year, two-year, and three-year MMD EOS. The
module R&D costs are additive and represent total module R&D for these partic-
ular modules. The total module unit costs represent a single non-redundant
set of modules and are incomplete as far as a total spacecraft complement is
concerned. The unit cost decrease in the three-year MMD data-processing module
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is due to elimination of one interface unit component requiring the use of mul-
tiple redundant modules for 3-year or longer MMD spacecraft. Other modules may
incorporate component redundancies in their design as the MMD is increased.
The costs for the 2-year and 3-year MMD versions shown in Fig. U-18 encompass
both (l) the physical module equipment growth, and (2) reliability testing,
engineering, and support costs associated with MMD extension.
b. EOS Payload Cost Summary. Figure ^ -19 shows the functional cost summary
for the one-year EOS. The RDT&E cost breakdown represents only the EOS mission-
peculiar costs. If the modules were standard, module RDT&E could only be changed
to a mission on a prorated (sharing) basis. The EOS-peculiar RDT&E cost does in-
clude mission-equipment cost of $28.2M extracted from Aerospace Case C.
The unit cost represents complete spacecraft procurement including mission equip-
ment, a complete spacecraft complement of modules, and mission-peculiar hardware.
The operations costs represent one year operations for the on-orbit satellites.
c. Subsystem Costs - 1-Year EOS. Figure U-20 shows the subsystem cost breakdown
of the one-year MMD EOS and the split between mission peculiar hardware (identi-
fied as "prime") and the modules. The operations costs show a split between
activity-level-dependent cost per spacecraft launch and activity-level-indepen-
dent cost per year for two on-orbit satellites.
d. Subsystem Costs - 2 and 3-Year EOS. Figures k-21 and ^ -22 are similar sub-
system cost summaries for the two-year and three-year MMD EOS, respectively.
These cost estimates were derived via the reliability analysis from the one-
year MMD EOS design data. The experiment costs were held constant at the Aero-
space Case 11 estimate with no MMD-related variation. The module detailed cost
estimates are as shown in the previous Fig. U-18. These estimates are mutually
exclusive and represent total spacecraft or module RDT&E for either a one-year
or a two-year or a three-year MMD EOS.
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U.3.3 Plans and Costs - Low-Cost COMSAT (3-yeaf MMD)
Jt.3.3.1 General. The specific COMSAT design used as a basis for analysis was
the LMSC Domestic Communication Satellite currently under development by LMSC.
A low-cost, refurbishable shuttle based design was developed for this study
(described in subsection k.2). For mission model comparison, NASA Mission No.
71, the US Domestic Communications Satellite, was used. Similar approaches for
planning and costing to those used for the EOS were applied; separate program
plans and costs for the modules and the spacecraft peculiars were prepared.
U.3-3.2 COMSAT Plans. The plan for the RDT&E phase of the spacecraft is shown
in Fig. U-23 and the plans for the module development programs are shown in Fig.
k-2b. As with the EOS, it was planned that all module development would be
complete and that qualified modules would be available in time for spacecraft
qualification testing. The investment and operations phase schedules include
launches planned every six months. As with the EOS, development hardware in-
cludes modules for qualification and a qualification test' vehicle. Due to the
length of the qualification testing period, it was not planned that the QTV
would be refurbished for flight use.
Use of the DRSS in conjunction with the COMSAT is not required. As with typical
COMSAT programs, it is assumed that the satellite, once operational, would be
turned over to a using agency. Sustaining support is planned to assist the user
during the operations phase and to support sustained launches and refurbishment.
it. 3-3.3 COMSAT Costs. The COMSAT costs were estimated at the same level of de-
tail as the EOS. The split between mission-peculiar spacecraft and the mission-
peculiar modules was maintained to provide further data base points for the mod-
ule costs and also to identify the peculiar share of the mission hardware and
integration costs.
a. COMSAT Module Costs. Figure ^ -25 provides the summary costs for the COMSAT
modules. The unit costs represent the cost of one unit of each module. The
quantity of modules per payload must be used as a multiplier to obtain total
unit costs for the payload.
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Module
M
is
si
on
E
qu
ip
m
en
t
CO
o
C/D
M
o
E
le
ct
ri
ca
l
en
u
Receiver/Transponder
Transponder
Antenna
Momentum Wheels
Sensing
Data Handling
Antennas
Battery
Distribution
Array Drive
Solar Array & Power
ACS
TOTAL
R&D $
$ 4468
1561
1596
2254
2830
6449
1088
1800
2518
2445
3737
2235
$ 32981
Unit $
$ 667
497
155
577
548
1170
171
177
274
876
268
$ 5634
Fig. 4-25 COMSAT Module Costs (5 Yr. MMD)
(Thousands 1970 $)
"b. COMSAT Payload-Cost Summary. Figure 4-26 shows the buildup of the COMSAT
mission-peculiar R&D costs and the unit cost, which includes a set of the afore-
mentioned modules. The operations costs are based on the on-orbit spacecraft
over a five-year period.
c. Subsystem Costs. Figure 4-27 is the summary of COMSAT costs by subsystem
and major cost category. Both the mission-peculiar hardware and module costs
are shown for a low-cost refurbishable five-year MMD COMSAT.
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Section 5
MISSION CAPTURE ANALYSIS
The overall approach to the capture analysis including assumptions used and
typical results is discussed in this section.
5-1 OBJECTIVE AND TYPES OF OUTPUT OF THE CAPTURE ANALYSIS
The overall objective of the Capture Analysis was to establish time-phased hard-
ware and support requirements for the U5-program mission model to be used as in-
puts to subsequent cost analyses and summaries.
The types of outputs of the analysis were:
• Quantity of new spacecraft required and schedule for placement
• Orbital repair schedules
• Orbital refurbishment schedules
• Spacecraft retrieval and ground refurbishment schedules
• Mission equipment/experiment R&D cycles
• Mission equipment replacement and update schedules
• Spacecraft revisit schedules
• Launch and mission operations schedules and support requirements
• Space Shuttle/Space Tug Transportation support schedules
• Mission destination
• Mission operating modes
These outputs, coupled with payload design details, including low-cost and
standard payload weight and dimensions, were inputs to the cost analysis.
5.2 ASSUMPTIONS FOR CAPTURE ANALYSIS
To insure consistent results when applied across the board to the mission model,
a set of groundrules for the capture analysis was developed. To the degree
5-1
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possible, these were consistent with those used by Aerospace Corp. during their
previous study.
5-2.1 General Assumptions arid Grouridrules
The general groundrules which were essentially the same as used by Aerospace
are listed following:
(1) Active Spacecraft in Orbit. The spacecraft placement schedule spe-
cified in the NASA/Non-NASA mission model coupled with the specified
spacecraft lifetime (MMD) were used to determine the annual require-
ments for active satellites in orbit.
(2) Spacecraft MMD. The mean mission duration (MMD) used was the same as
the Aerospace baseline Case A.
(3) Spacecraft Procurement Quantity. The maximum number of active space-
craft on orbit during any year dictates the new spacecraft buy require-
ments . Spacecraft are bought only when needed to add to the number of
actives on orbit.
(U) Repair/Refurb/Reuse. Spacecraft which are in earth orbit and whose
program durations require operations in excess of nominal lifetime
will be reused. Alternate spacecraft repair and refurbishment are
performed at the end of nominal MMD. If continuous operation is re-
quired, repair or refurbishment will be done in orbit. At the end
of the first MMD, the spacecraft will be repaired and at the end of
the second MMD, it will be refurbished. Repair and refurbishment
operations will continue on alternate MMD completions through the
active required orbital life period for the mission (up to 12 years
for many missions).
(5) Storage and Reuse of Spacecraft. If a spacecraft is not needed at
the end of its MMD and will not be required at a later date, it will
be permitted to expire on orbit without recovery. If there is a
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later requirement for additional spacecraft, it will "be retrieved
from orbit, refurbished on the ground and launched when required.
Retrieval and ground refurbishment is only done when the idle period
exceeds one year, (in general, it is cheaper to retrieve and ground
refurbish than to procure a new spacecraft as the transportation cost
of retrieval is usually less than the residual value of the spacecraft.
However, for this analysis, no effort was made to optimize.)
(6) Backup Spacecraft. Backup spacecraft are procured as described in
the Aerospace analysis.
(7) Experiment Periodic Redevelopment or Update. Repeats of experiment
(Mission Equipment) R&D and experiment replacement and/or update were
maintained consistent with Aerospace as to total number. Some changes
in date were made to match the repair/refurb/revisit schedule.
(8) Shuttle Capability. The Space Shuttle has a 15' x 60' payload bay
and is capable of placing 65,000 Ibs of payload into a 100 run circular
orbit at inclination of 28.5° when launched due east from ETR. The
shuttle was restricted to a maximum altitude of ^00 nm for crew pro-
tection.
(9) Tug Performance. For the reusable space tug, NASA directed the use
of the Aerospace OOS-C as described in Vol. U of the Aerospace Final
Report. Specific tug performance was determined using the weights
and I indicated in Aerospace Vol. k.
sp
(10) Variations for Tug IOC Date. For cases with late tug IOC (1985), a
best mix of the expendable Centaur and Agena stages was used for pay-
load placement requiring tugs for missions where the payload MMD ex-
pired prior to 1985. It was assumed that a fully operational tug was
available following IOC. If spacecraft requiring tugs were placed be-
fore 1985» hut had MMD expiring in 1985 or later, repair or refurbish-
ment of those payloads was possible after 1985-
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5.2.2 Assumptions Varying from Aerospace
The following assumptions, different from the Aerospace analysis, were applied:
(1) Payload Repair/Refurb. Orbital refurbishment /repair was used where
possible in lieu of pay load retrieval and ground refurbishment. How-
ever, all modules were returned to earth and refurbished.
(2) Single-Payload Placement. For this initial iteration, multiple pay-
load placement was not incorporated.
(3) Dedicated Repair/Refurb Flights. Single dedicated flights were used
for refurbishment and repair missions, with the exception of the low-
earth orbit observatory and cluster missions where multiple-payload
visits could be made subject to Shuttle performance limits.
Payload Support Equipment Carried to Orbit. The following payload
weight penalties were imposed upon Space Shuttle and tug:
For Shuttle:
• On all missions -
Onboard Checkout Equipment
Payload Manipulators
Module Storage Racks
• For LEO revisit, service and placement
or replacement flights
One complete set of non-redundant
modules for each payload plus
mission payloads per mission
description
• For all reusable or expendable tug
missions - Tug Cradle and Supports
For Space Tug:
For repair or refurbishment missions:
Manipulators
Payload Rack & Electrical Harnesses
Replacement Modules
Weight
1*50 Ibs
1800 "
250 "
Weight varies
with selected
modules
800 Ibs
750 Ibs
150 "
Per Repair/Refurb.
schedule
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5-3 CAPTURE ANALYSIS LOGIC FLOW
The basis for the capture analysis is the NASA Mission Model (for the 1*5 selec-
ted missions). From the model, the flight schedule and payload mean mission
duration (MMD) were combined, and, for each mission, the number of active pay-
loads on orbit were determined. This was compared with the number of payloads
actually on orbit. It was assumed that at the start (1979)> there are no ac-
tive payloads on orbit. The initial number is built up by new spacecraft "buys'
The number of active payloads on orbit is maintained by scheduled repair and
orbital refurbishment, with supplemental payloads added by new "buys".
The flow pictured in Fig. 5-1 is typical of the logic employed in examining all
of the various cases studied. For example, in the expendable-payload cases,
retrieval and refurbishment were not utilized; hence, the flight schedule shows
new "buys".only. For delayed reusable Space Tug development (IOC = 1985), all
payloads launched with MMD's expiring prior to 1985 were treated as expendable
payloads.
5.1* TYPICAL CAPTURE ANALYSES
5-^.1 Syneq Orbit Payload Capture Analysis (Typical)
A typical mission capture analysis is shown in Fig. 5-2 for NASA mission No. 2,
the Radio Astronomy Explorer-B. The scheduled "active on-orbit" spacecraft
calculated from the NASA mission model (launch schedule) shows the requirement
for 3 new spacecraft buys (B), which are phased in as required. The on-orbit
activity in 1983 and 1984 'drops down to a single spacecraft. Thus, retrieval
(C) is scheduled at end of MMD, followed by ground refurbishment (F) for the
first two spacecraft. The third spacecraft undergoes on-orbit repair (R), fol-
lowed by on-orbit refurbishment (F), etc., until end of program. The first
two spacecraft are replaced in orbit in 1985, where one terminates after its
MMD, and the other is retrieved, refurbished on the ground, stored, and re-
launched for use during the last three program years.
The count of spacecraft buys, repairs, refurbishments, and retrievals provides
the requirement and time-phasing of Shuttle (and Tug) flights. The experiment
R&D requirements and new units are shown at the bottom of Fig. 5-2.
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5.^ .2 LEO Payload Capture Analysis (Typical)
The capture analysis for NASA Mission No. 13» the High Energy Astronomical Ob-
servatory is shown in Fig. 5-3.
The capture analysis is performed for the LEO missions similarly to the Syneq
missions, except the revisit schedule, if required, is also shown. It has been
assumed (backed-up by verifying analysis) that on large-observatory missions,
revisits can be shared (up to h revisits per single shuttle flight). Thus, the
flight schedule for any single observatory mission revisit shows fractional
shuttle launches.
In the case of mission number 13> continuous service is required for the entire
12 year-span of the model. In the expendable case, the payload must be replaced
every other year (2-year MMD). However, with the Shuttle, a single spacecraft
can be bought, placed in orbit, and maintained over the 12-year period. The
continuous service is maintained by alternate repair and refurbishment flights
as shown. It should be further noted that in the baseline expendable case, no
method of revisit for experiment update has been provided. Thus, an increase
in transportation is shown when comparing Cases A and D. However, it is con-
sidered that the value of this utility operation exceeds the increase in trans-
portation.
5.^ .3 Effect of Reusable Tug Delay
Missions affected by delay of reusable tug IOC date (Cases D-l and E-l) are
launched in the expendable mode prior to 1985- If the spacecraft MMD expires
in 1985 or later, the spacecraft is reusable and is switched to the repair/
refurb mode of tug operations.
The tug IOC date delay increases the requirements for new spacecraft buys and
reduces on-orbit operations.
Prior to 1985, the best mix of Agena/Centaur expendable tugs is used for space-
craft placements. ~
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Fig. 5-2 Typical Syneq Mission Capture Analysis
13
rt
8
NASA No. 13. 14 HEAD MMD • 2 yrs.
(Year
New S/C
Active On-OrMt
S/C
New S/C
Repair
Refurb
Revisit
Shuttle nights
Exper. R&D
Exptr. New
79
1
1
B
1
1
1
1
80
1
-
2
2
81
1
1
R
1
1 .
2
1
1
82
1
-
1
1
83
1
1
7
1
.5
1.5
1
1
8k
1
-
.67
.67
85
1
1
B
1
•33
1.33
1
1
86
I
-
.5
.5
87
1
1
F
1
.25
L.8J
1
1
88
1
-
.5
.J
89
1
1
R
1
.25
1.25
1
1
90
1
-
.5
.5
91
.
X
total
6
12
1
3
2
7.5
13.5
6
6
B > B*v 8/C buyj R . V • RtfUlt)) X - tapln
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"j.h.k Cluster Pay load .Capture Analysis
The capture analysis shown in Fig. 5-^ is for Cluster Spacecraft No. 1 (CSC-l).
This spacecraft, with mission-peculiar experiment packages, replaces NASA mis-
sions Nos. 13, 15, 17, and 19» and a portion of No. 1.
The cluster mission capture is governed "by the active on-orbit experiment re-
quirements in any one year. The Cluster Spacecraft buys are determined "by type
and number of experiments any one Cluster can handle. In this case, there are
2 units of CSC-l. The revisits (V) are scheduled as shown every six months af-
ter either a repair (R) or an on-orbit refurbishment (F), consistent with the
NASA Mission Model.
5.5 INPUTS OF CAPTURE ANALYSIS TO STAR/ANNEX COMPUTER PROGRAM
The foregoing examples are representative of the capture analysis conducted under
Task 1.8. The outputs were combined with other mission parameters, such as orbit,
velocity, payload size, and mission mode. These data, and separately cost data
(as described in Section 6), became the mission data file inputs for STAR/ANNEX.
An example of the typical STAR/ANNEX input data is shown in Fig. 5-5; this ex-
ample is for NASA Mission No. 2.
The following points out highlights of the data sheet:
a. As shown, the top line is the mission identification
b. Flight and design parameters are shown below this
c. The average active payloads on orbit are calculated based upon the
total active on orbit for the duration of the program (27) divided
by the total years of active orbital operations (13). This number
is used for computing mission operations support costs (activity
level independent) as discussed in Section 6
d. Under "Mode", the Shuttle/Tug operating mode for this mission is
stipulated. This is the same operations mode used in the Tug
Economics Study. The first two modes denote reusable payloads;
the last two expendable payloads. The first three modes relate
to reusable tugs while mode k denotes an expendable tug. STAR
inspects the permissible modes to determine the most economical
payload mode to be used.
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e. The P/L Schedule block shows the results of the Capture analysis.
f. At the bottom of the input, the most economical, in terms of cost
and performance, of the current alternate expendable launch vehicles
and its performance and cost is listed. Using these data, STAR/
ANNEX can compute the cost of the baseline case if desired. This
option was not used during this study. The cost shown is based upon
the Aerospace final report data.
g. At the bottom right, those cases to which this capture applies are
shown.
5.6 OPTIMIZATION OF THE CAPTURE ANALYSIS
5.6.1 Limitations of the Capture Analysis
The primary objective of the capture analysis was to assist in the determina-
tion of the overall impact of standardization upon the mission model. As such,
study budget and time limitations precluded an optimization of the results by
reiteration. It is considered that the results are less than optimum in terms
of overall transportation requirements and costs (and also conservatively high
in quantity of Shuttle/Tug flights and transportation costs).
5-6.1.1 Space Tug Not Optimum. The space tug used, by direction of NASA, re-
quired off-loading in all cases, resulting in degraded performance. This was
caused by the weight of payload support equipment, as stipulated in par. 5*2.2
(U), which was chargeable to the payload against both tug and shuttle capabili-
ty. The result was that in most tug cases, supplemental shuttle flights and
tandem tugs were required. This raised transportation costs. A more optimum
tug, such as the 50,000 Ib LOX/LH Space Tug, would provide performance margin
improvements and further reduction in transportation requirements and costs.
5-6.1.2 Optimization for Refurb. For the cases run, it was conservatively ar-
ranged that all payloads could be repaired or refurbished. It is possible that
economics would dictate that certain missions should be performed in an expen-
dable mode, however, this was not considered for this analysis. A reiteration
of the analysis, isolating those missions requiring multiple transportation,
might show economic advantage in using expendable payloads (in lieu of tandem-
tug revisits).
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5.6.1.3 "Partial" Low-Cost Application. The designs for these tandem-tug mis-
sions would also be reevaluated as to total weight to determine if some weight
reduction could be accomplished with minimal overall payload cost impact.
5-6.1.U Multiple-Mission Revisits to Syneq Orbit. Multiple-mission revisits
to Syneq payloads were briefly examined using tandem tugs and it was seen that
this would reduce the overall traffic by 56 shuttle and tug flights with a sav-
ings of over $UOO million for Cases D and E. Even with a late tug IOC, a re-
duction of hk Shuttle/Tug flights would have been possible with savings of about
$350 million.
5-6.2 Need for Optimization
Despite the above, the limitations are .relatively minor in nature and tend to
reenforce the results through conservatism. However, it is recommended that
the analysis be reiterated, however, in order that the true impact of payload
effects can be shown. The limitations mentioned above are significant in
terms of cost savings. However, the lack of optimization biases the results
of the study toward conservatively higher costs. So that the true impact (op-
timized lowest cost) can be shown, it is recommended that the capture analysis
be reiterated, applying the optimization approaches.
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Section 6
COST ANALYSES
6.1 APPROACH TO THE COST ANALYSIS
The approach to cost analysis of the 45-mission NASA/Non-WASA model is out-
lined in Fig. 6-1.
6.1.1 Basic Cost Data Inputs
The primary inputs to the analysis consisted of the detailed bottom-up cost
estimates for the low cost refurbishable point-design spacecraft as discussed
in sub-section ^ .2. From these costs, spacecraft module costs and spacecraft
mission-peculiar costs were isolated to provide the basis for standard hard-
ware costing.
6.1.2 Parametric Expansion of Cost Estimates for Reliability, Repair/Refurb
Subsystem reliability analyses, in conjunction with the MMD variation of the
EOS spacecraft costs, provided the foundation for extrapolation of cost fac-
tors as a function of MMD; these factors were applied to mission-peculiar
module R&D and unit costs in accordance with the specified spacecraft MMD for
each mission.
Also, reliability analyses were used in deriving the repair and refurbishment
requirements for each module at the major component level. These same support-
ing analyses provided data for detailed costing of repair and refurbishment
operations and hardware for the new point-design basic modules. For module
variants, which were costed parametrically, the repair and refurbishment costs
were derived by means of ratios generated from the design point estimates.
6-1
LOCKHEED MISSILES 8e SPACE COMPANY
LMSC-D157918
<•
1
c
s
<
•H
|!
O c
•r-l +
CQ C
CQ (
s
f^ mmf
CQ
cT
CQ
cT
°
£1
•H
ri
CO
•H
£.
l/>
D
-I
H
0J
Q
D •=
i,t
L
E
]
<
c
rH
CU
•0
O
S
.
j
CO 0)
p ce
v o
P
>H
rx
i
5!
Q,3j
r
^
I
_^
CQ
c
0
H CQ
•P -P
Crf CQ
?H O
0) O
<§•
M
CM
•H
1
8
CQ
H 0)
3*
1) cd
/J <J,
•
CO
£
-p
CO
o
o
IS
3
•
f
-1
08
CO
•p 1
X!
tlflr
•H
^
H
— 1
cdp
p
CO
s
a
4-
E
S P
Hi
S cr
tr
<
^
>
*••
rH
cc
CQ i-
CO E
>j C
•H a
cd P-
<3 c
CO CfO crO ••-
^
r^
i
*
1I
!«
(D -^v
rH O .
•a co
cd o
^
>
o
•H
0) tf
.CO Cl«
"" ™ "" ^ 08
fn. cd A .
fl cd JH * kO -H O
•H r-\ 0)
CQ 3 O
CQ O Cd
•H Q) ft
2 Pn CQ
P"""""™"*
rt)
s -p
2 o
CQ
1
 " cSc^d
—
 ^ ^^ ft ft
^
rr
•r-
0; §> 1-1
-p
cri
H
P^
4
to
•H
CQ
c^d
^
a
•H
CC
r-
cd
-^p
CO
cS
M
k
CUh
cd
3 &
Cd
1
^
»
*^ ->
•
»
CO
CU
UJ
«5
4
c^t
!T
CC
4-
K
§
•H
CC
CG
•H
->
b
M
od
ul
e
C
os
ts
CO
-p
rH CQ
n! O
•H O
rH
3 <1>
CJ iH
0 3
"S
-p
cr
£
T3
CO
C
H
>
ai
M-
r>
'h
<2
^
dft
ft!
4
—
MM«1
O
-p
cd ||
cd B
~~->.
' ftEH
^CQ
o
•H
CQ
CQo
O
•|
O
Cti
2
to
•r-l
•P
CO
8
vo
60
fi
6-2
LOCKHEED MISSILES 3e SPACE COMPANY
IMSC-D157918
6.1.3 Cost Estimates for Mission-Peculiar Elements
The costs of the mission-peculiar elements of the spacecraft were estimated
by means of general cost relationships developed from the bottom-up cost esti-
mates for the OAO, SEO, SRS, EOS, and COMSAT spacecraft. Also, the total
spacecraft operations costs were derived directly from the same detailed cost
estimates for the point-design spacecraft.
6.1.4 Mission-Equipment (Experiment) Costs
The mission equipment costs were extracted directly from the Aerospace Final
Report for their Case C for the corresponding 4-5 missions.
6.1.5 Module Types, Quantities, and Weights
The specific module assignments, by type and quantity, as well as the low cost
design weights for both modules and spacecraft peculiar hardware were provided
by the design group for each payload in the mission model. The weights of re-
pair and refurbishment module kits were generated as a result of the afore-
mentioned reliability/repair/refurb analyses.
6.1.6 Cost Analysis Output
As shown in the Fig. 6-1 flow chart, all cost analyses contributed to the gen-
eration of payload cost inputs to the Star/Annex computer program for total
mission model costing.
6.2 COST ANALYSIS ASSUMPTIONS
The cost analysis assumptions are listed following:
(1) Constant 1970 dollars
(2) Experiment costs fixed at Aerospace Final Report Case C estimates
(3) All programs subject to repair/refurbishment operations charged with
one set of spare non-redundant modules.
(4) Program costs run out to end of last spacecraft MMD.
6-3
LOCKHEED MISSILES 8t SPACE COMPANY
IMSC-D157918
(5) Mission Support (Activity-Level-Independent) costs based on number of
average active payloads on orbit.
(6) Standard hardware development costs prorated to the using programs.
(This includes standard modules, standard spacecraft and cluster
spacecraft R&D costs).
(7) Payload and launch vehicle failures considered only in terms of repair/
refurbishment costs and flights to support such.
(8) Backup payloads provided primarily for all planetary missions (and in
some other cases as specified on detail data sheets).
(9) Mission-equipment new R&D costs and unit update and replacement costs
included. The frequency of occurrence was maintained consistent with
the Aerospace baseline Case A.
(10) Space Shuttle costs supplied by NASA:
(a) Initial - $ 7-3M/flight (2-Stage completely recoverable)
(b) Revised.- $10.5M/flight (SRM-boosted)
(11) Space tug costs at 0.6M/flight for reusable OOS-C and $13.6M/
expendable OOS-C per Aerospace inputs.
(12) Expendable, prior to 1985, tug costs per Aerospace:
ETR WTR
Agena $ 4.2M $ 4.5M
Centaur 6.3M 7.8M
(13) Bottom-up payload cost estimates based upon IMSC 1970 rates.
See par. 6.4.1 for estimating approach.
Discounted costs were computed based on a 10$ social discount
rate.
6.3 COST CATEGORIES & DEFINITIONS
The top level cost breakdown was made into the following categories:
• RDT&E Cost - includes spacecraft, module, and experiment development
costs.
• NON-RECURRING INVESTMENT COST - includes all refurbishable payload
procurement, non-flyable backup payloads, and initial
spare sets of non-redundant modules.
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• RECURRING INVESTMENT COST - includes procurement of all expendable
payloads, experiment replacement unit costs,
repair and refurbishment hardware costs.
• ACTIVITY LEVEL DEPENDENT OPERATIONS COST - includes all operations costs
pertaining to payload placement, repair and
refurbishment, experiment replacement and
all transportation costs.
• ACTIVITY LEVEL DJDEFEICDEUT OPERATIONS COST - includes the mission flight
operations and payload program sustaining
engineering and program management costs.
6.It- COGT ESTIMATING APPROACH
6.4.1 Labor and Material Estimates
Labor estimates for development, production and operation were made, in accor-
dance with the assumptions and guidelines.
Lists of materiel were revised to determine a representative make-or-buy list.
Procurement specialists provided estimates of manufacturer and supplier prices,
using available historical data and additional information furnished by specific
suppliers.
Quality Assurance labor was estimated in accordance with established ratios to
direct manufacturing, test and engineering labor hours.
All labor was spread in accordance with the program master schedule.
Procurement lead times and subcontractor participation milestones were iden-
tified.
Labor and material estimates, with schedules, were then provided to cost
analysts for determination of costs by application of actual rates and burdens.
6.4.2 Labor Burdens
labor burdens were calculated, using current 1970 rates. Labor burdens include
overhead, general and administrative expense (G&A) and allocated prime costs
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(APC). The elements included in these burdens are: (l) Overhead ; includes
those expenses related to indirect labor cost for plant activities, fringe
benefits, shop supplies, facilities including depreciation, utilities, amor-
tization and other labor related costs as established by contractors' account-
ing policies; (2) G&A; expenses include individual labor costs for company
general management, marketing expense, corporate allocations, independent re-
search and development and bid and proposal expenses; (3) APC; includes those
costs common to many aerospace programs such as repair and maintenance of man-
ufacturing and test equipment, common engineering technical services, common
manufacturing services, common quality assurance services and common computer.
Purchased material and services were also burdened at established rates. These
burdens include expenses such as procurement cost, receiving inspection and
common minor material.
6.1»-.3 Direct Labor Costs
Direct labor costs used are the company average at the end of 1970 for engin-
eering, manufacturing, test and remote operations. Direct cost for program
management is calculated as a percentage of total direct costs and includes
such direct expenses as travel, reproduction, direct per diem and direct super-
vision.
6.k.k Composite Estimates
Direct and burden charges vere combined to provide average costs per direct
manhour, which were used for computing total labor cost. Labor costs were
summed with burdened purchased material and services costs to provide total
costs by subsystem and by non-recurring, recurring unit and operations costs.
Fee was not included to provide consistency with the baseline and target cost
data; however, for planning purposes, users of these data could apply fees in
accordance with current NASA policies to determine total program resource re-
quirements .
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6.5 PAEAMETRIC COSTS & FACTORS
Because the 45-mission model costs were based on the limited number of low
cost design points, some parametric cost extrapolation was necessary to cover
all the payload variations. The cost variations consisted of two types: (l)
those associated with payload MMD and (2) those associated with design variants
6.5.1 MMD Variations
The 45-mission model includes payloads with lifetimes from one to seven years.
The low cost design data points spanned MMD's from 6 mos. for the SRS to 5 yrs.
for the COMSAT. Thus, it was possible to arrive at MMD extension cost factors
from the design data base up to five years MMD and to project for the seven-
year spacecrafts.
The MMD extension factors were derived from detailed" "bottom-up" costing of
one year, two years, and three-year MMD modules and spacecraft-peculiar EOS
subsystems and the five-year MMD COMSAT design.
The differences in module weights due to equipment redundancy and the accompany-
ing hardware cost increases were removed in order to isolate the cost impact of
MMD alone at normalized weight.
Figure 6-2 presents the MMD-extension cost factors. The MMD cost impact as
shown in this graph consists primarily of testing costs. These factors were
applied to point-design module costs to determine the cost of a module for
the specific mission MMD desired.
As can be seen from Fig. 6-2, the MMD-sensitive subsystems/modules are: CDPI,
Electrical, and SCS. The ACS subsystem exhibited slight cost increases and
the Structures and ECS subsystem cost was virtually constant with respect to
MMD at normalized weight.
6.5.2 Design Variants
6.5.2.1 Module Design Variants. In addition to the basic complements of mod-
ules represented by the EOS and COMSAT spacecraft, other modules were designed
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3.0
2.5
O 2.0
1.5
1.0
RW> Cost
Unit Cost
Module MMD <Y5rs.)
CDPI FID
Electrical BU>
CDPI Unit
Electrical Unit
Stabilization & Control MJ>
Stabilization ft Control Unit
Fig. 6-2 MMD Extension Cost Factors (Based on EOS,
COMSAT & Normalized to Equal Weight)
to encompass all the payloads in the ^5 mission model. These module design
variants were primarily derivatives of the basic module designs and represented
additions of redundant components, deletion of a component, or replacement of a
component to obtain altered functional capability. The variant weight also
would differ from the basic module.
6.5.2.2 Costing of Variants . The costs for the design variants were arrived
at parametrically by means of CER's, either developed from the basic module
data base at a normalized one-year MMD, or from the low-cost subsystem CER's
which represent one to two year payload MMD's. As a special case, the solar-
array variants were derived parametrically as a function of array size; dollars
per square foot were used.
Figures 6-3a, b and c list the sources of module costs : (l) those costed bottom-
up and basic to the design point spacecraft; (2) those at constant weight with
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System
SCS
(28
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modules )
Module
No.
1
1
1
1
2
2
2
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1
2
1
2
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153
228
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X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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X
X
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X
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X
X
X
X
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EOS-3
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EOS-3
EOS-3
COMSAT
COMSAT
COMSAT
COMSAT
COMSAT
EOS-3
EOS-3
EOS-3
EOS-1
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EOS-3
COMSAT
COMSAT
COMSAT
COMSAT
COMSAT
COMSAT
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- .
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EOS-2
EOS-3
-
COMSAT
MMD
Factor
Applied
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
Parameter
Cost
X
X
X
X
X
Fig. 6-3a Module Cost Sources (Sheet 1 of 3)
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X
X
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X
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X
X
X
X
X
X
X
X
X
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'
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EOS-3
EOS-2
EOS-2
COMSAT
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-
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X
X
X
X
X
X
X
X
X
X
X
X
X
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X
X
X
X
X
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* Costs derived as a function of solar array area, $/sq. ft.
Fig. 6-3b Module Cost Sources (Sheet 2 of 3)
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* Costs derived as a function of solar array area, $/sq. ft.
Fig. 6-3c Module Cost Sources (Sheet 3 of 3)
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MMD extension factors applied only, and (3) those which were design variants
estimated parametrically and had MMD variations as well.
6.6 MODULE COST SUMMARIES
Two types of module costs were derived: (l) mission-peculiar module costs and
(2) standard module costs.
6.6.1 Miss ion-Peculiar Module Costs Derivation
The mission-peculiar module costs were estimated for the low-cost refurbishable
payloads, Case D. These modules were tailored and developed for each mission.
The payload MMD was considered and matched by the mission-peculiar module MMD.
>•
Each payload program was charged with the complete mission-peculiar module de-
velopment cost, even though in some cases several programs utilized essentially
the same mission-peculiar module.
As itemized in Fig. 6-3, there were 170 mission-peculiar modules applied to the
45-mission model. The breakdown by subsystem is as follows:
28 modules for Stabilization & Control
5 modules for Attitude Control
27 modules for CDPI
110 modules for Electrical
Specific costs of mission-peculiar modules for a typical mission are provided
in Subsection 6.11, Fig. 6-5.
6.6.2 Standard Module Costs
The standard modules were selected based on their multipurpose application to
several missions in the model.
As tabulated in the previous Fig. 6-3, there are ^8 standard modules (including
their variants) applied to the mission model. The U8 includes 3 electrical stan-
dard modules which were utilized only by a Standard Spacecraft and/or Cluster
Spacecraft.
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The standard module unit cost for a given MMD is identical to the mission-
peculiar module; however, the standard module R&D cost is amortized to the
several module users. Also, prior to amortization, the selected mission-
peculiar modules which became standard modules, had their R&D cost increased
by 6.47$ to account for increased developmental Phase B engineering. In case
this factor is not applied to the mission-peculiar modules because their devel-
opmental Phase B engineering is conducted jointly with the total mission-
peculiar payload.
Figure 6-4 presents the complete listing of standard module cost estimates.
Some modules as listed have "A" designations which indicate the existence of
module variants. In such cases only one R&D cost is shown (for the most complex
variant), accompanied by a range of unit costs and repair/refurbishment costs en-
compassing the range of module variants. The R&D cost is shown in total and
prorated to the number of module users indicated. The ratio shown is the mod-
ule repair/refurbishment cost divided by unit cost and is included here because
of its use in deriving mission-peculiar Case D costing.
The module repair/refurb costs shown were used for repair/refurbishment of stan-
dard modules.
The sum of all standard module R&D is $117M, including $19M for a special elec-
trical module, #4, required by the Cluster Spacecraft.
6.7 MISSION/FROGRAM-PECULIAR COST DERIVATION
The actual mission-peculiar costs are provided in Sub-section 6.11. Following
is an explanation of their derivation.
6.7-1 Origin of Design Data
The mission program-peculiar low-cost data base was generated from the five-point
design spacecraft and the two EOS MMD variations as discussed in Section 4.3.
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Sub-
System
SCS
CDPI
Elec-
trical
ACS
Module
Wo.
1
2&A*
3
4
5
6
Total
l&A
2&A
3&A
4&A
5
6
Total
l&A
2&A
3
5
6&A
7&A
Total
l&A
2
Total
All Std.
Modules
Cluster-Elect .
#4
Total all
Modules
Total
Module
R&D Cost
$ 2.837M
3.264
3.093
2.735
1.810
4.686
$l8.425M
$ 8.072M
3-757
13.478
8.674
11.278
6.477
$51.736M
$ 3-278M
10.122
0.596
2.6o4
2.960
2.993
$22.553M
$ 2.929M
2.380
$ 5.309M
$98.023M
$19.080M
>117.103M
No. of
Module
Users
24
31
16
11
3
4
16
20
20
10
4
20
17
13
3
21
33
33
22
9
2
Clust .
Pro-Rata
Module
R&D Cost
$ 118K
105
193
250
603
1172
$ 505K
188
674
867
2820
324
$ 193K
779
199
124
90
91
$ 133K
265
$9540K
Module
Unit
Cost
$ 805K
601-548
872
672
325
1300
$1528-1058K
699-620
2136-1479
1684-816
1750
1357
$ 778-173K
2112-1152
21
254
322-177
285-274
$ 4oo-39^ K
268
$ 4240K
Module
Rep/Ref .
Cost
$ 138K
112-111
113
101
49
195
$342-23lK
146-138
461-204
532-409
N.A.
101
$494-i38K
1156-647
21
77
98-86
118-106
$ 123K
114
$ 2345K
Ratio
(*
Unit)
17
19-21
13
15
15
15
22
21-22
22-14
50-32
N.A.
7
80-64
55-56
0
30
48-31
41-39
31
43
55
* A indicates standard module variants (derivatives).
Fig. 6-4 Standard Module Cost Estimates
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6.7-2 Program-Peculiar Cost Categories
The isolation and removal of the module costs and the mission-equipment costs
left as a remainder the basic program-peculiar costs at the subsystem level.
These were aggregated into two categories :
(1) Category one includes structures, mechanisms, environmental control,
and minor costs non-allocated to other subsystems.
(2) Category two consists of payload prime-contractor integration costs
of the subsystem modules in electrical, ACS, SCS and CDPI subsystems.
The integration of mission-equipment was assumed to be included separately in
the mission-equipment costs.
6.7.3 Estimating Method
For each category of costs, separate R&D and unit cost estimating relationships
were derived and applied to the individual payloads. Based on the low-cost
spacecraft, inert weights generated by the design group. The structures, ECS,
and other mission-peculiar hardware costs were estimated.
The integration costs were derived from the CER as a function of the sum of
module R&D and module unit costs.
6.7.4 Application to Basic Cases
The mission-peculiar costs were applied equally to the low-cost, refurbishable
payloads (Case D) and the standard module payloads (Case E).
6.8 STANDARD SPACECRAFT COST DERIVATION
The actual cost of a typical Standard Spacecraft is shown on Fig. 6-7 in sub-
section 6.11. The derivation of the costs is explained following.
6.8.1 Standard Spacecraft Types
The Standard Spacecraft application was applied for 15 LEO missions. They were
grouped into three separate groups of missions resulting in development of three
different basic Standard Spacecraft.
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6.8.2 Cost Derivation
The Standard Spacecraft costs were derived from the mission/program-peculiar cost
relationships for the Structures, ECS, etc., category. The standard module costs
were the same as for the mission-peculiar spacecraft with standard modules (Case
6.8.3 Integration Costs
The space craft /module unit integration cost was also the same as for the mission
peculiar spacecraft with standard modules (Case E) because the modules are the
same. However, the developmental cost of spacecraft/module integration was se-
lected as the most expensive single mission -peculiar integration cost in the
standard spacecraft group.
6.8A Fro -Rat ing of Development
Both the Standard Spacecraft structure development cost and the developmental
integration costs were prorated among the users in a Standard Spacecraft group.
Since there were four to six individual missions in a Standard Spacecraft group,
each mission was charged with l/^ to 1/6 of the particular structures and inte-
gration R&D costs .
6.9 CLUSTER SPACECRAFT COSTS DERIVATION
The cluster spacecraft costs were derived in a similar manner to Standard Space-
craft.
6.9.1 Cluster Types
Two distinct Cluster Spacecraft were designed, CSC-1 and CSC-2, which jointly
accommodate 11 LEO missions.
6.9.2 Cluster Development
Two separate Cluster development costs were estimated using the same methodology
as in the Standard Spacecraft case, except no proration of development costs was
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made to each using mission because the costs are summarized by the Cluster de-
signation.
6.9.3 Unit Cost for Clusters
In the case of Cluster Spacecraft CSC-1, two different unit costs vere esti-
mated, one for a variant using an altered module complement. Cluster CSC-2
had only a single unit cost estimated.
6.9.^  Apportionment of Standard Module Costs
The clustering of missions on a single payload required that each Cluster be
charged with the aggregate share of the standard module prorated development
cost. For example, Cluster Spacecraft CSC-2, which supports NASA missions No.
21, 25, 26, 75 and 77 > was charged with the aggregate' costs for standard mod-
ule development charged previously under Case E to these five missions.
Similarly, CSC-1 was charged with aggregate costs of standard module R&D for
the six missions it supports . In this manner, the remaining 3^- missions in the
U5-mission model, which utilize standard modules, are not penalized any more
than their prorated share of the standard module development cost.
6.10 FAYLOAD OPERATING COST DERIVATION
The operating costs, as defined in Sub-Section 6.3, were estimated and applied
to the mission model in two separate categories : (l) activity level dependent
(ALD) operations, and (2) activity level independent (ALI) operations. The
actual operating costs for the U5-mission case, are shown typically for the
standard system-plus-mission-peculiar spacecraft (Case D) on Fig. 6-5 in sub-
section 6.11. The following discusses the derivation of the operating costs.
6.10.1 ALD Operations
This category comprised two parts; launch operations, and operations for repair/
refurb.
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Launch operations are related to payload size and complexity as expressed by
the payload unit cost. The cost estimates were based upon the low-cost design
data base and extrapolated parametrically for the ^ -mission model.
The same design data base served for derivation of the other dependent opera-
tions costs related to repair, refurbishment and experiment replacement flights,
6.10.2 ALT Operations
The activity level independent (ALl) operations costs were related to type of
experiments flown and the number of active payloads/experiments on orbit.
Again, the costs were derived from the low-cost design data base, but the costs
were applied selectively rather than parametrically. More specifically, the
following applications were made:
Astronomy-type payloads
Observation-type payloads
COMSAT-type payloads
Planetary-type payloads
based on OAO costs
based on SEO, EOS costs
based on COMSAT costs
(with one flight operations)
based on Lunar Orbiter baseline costs
6.10.3 Operations Costs with Standard Modules
In the case of the standard module application to mission-peculiar spacecraft
(Case E), there was no change in operating costs (compared to Case D mission-
peculiar module), except for repair/refurbishment dependent operations, which
were related to the specific modules being flown, and the differences were
rather minor.
6.10A Operations Costs with Standard Spacecraft
The Standard Spacecraft Case F utilized the same operating costs as the standard
module Case E, since the same modules were applied.
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6.10.5 Operations Costs with Cluster
The Cluster Spacecraft case operations costs were derived from the same data
base as the basic Case D costs for those eleven missions accommodated by the
cluster. The remainder of the missions' operating costs were held constant at
the Case E or F levels as applicable.
6.10.6 Delta Values for Operations Costs
In general, very little variation between cases was generated by the payload
operations cost estimates. Much more significant differences were introduced
by delta costs for transportation and the type of hardware applied.
6.11 TYPICAL COST DATA FOR VARIOUS CASES
Typical cost data sheets for the basic cases D, E, F, and G considered in this
study are discussed following. The first three data sheets are all for the As-
tronomy Explorer NASA No. 1 mission and are directly comparable. The fourth
data sheet represents the Cluster Spacecraft configuration CSC-2 supporting
five missions.
6.11.1 Mission-Peculiar Spacecraft Costs (Case D)
Figure 6-5 lists the costs for a low-cost refurbishable mission-peculiar space-
craft (utilizing mission peculiar modules) for the Astronomy Explorer mission.
All the modules are listed by type, quantity, and subsystem.
6.11.1.1 Module Weights and Costs. The total weights per module type are
shown, followed by total module R&D cost and unit cost for the quantity of
modules shown (the module repair quantity is also indicated).
6.11.1.2 Payload Cost. The mission-peculiar payload costs are summed from the
separately-identified costs for modules, S/C integration, spaceframe, experiments,
and expendables.
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PEFO PAYLQAD DATA SHEET
Weights & Costs
LMSC-D157918
ASTRONOMY EXPLORER
NASA No. 1
Case D
Subsystem
SCS
CDPI
Electrical
ACS
Propuls ion
Total Modules
Kepair
Qty.
1
1
1
1
Module S/C Integration
Structures, ECS, Other
Experiments (Case C)
Prope Hants & Gases
Total Pay load
Module
No.
1
2
3
1
2-1
3-1
6
1-1
5
6
7
1
Spare Modules (N-R) 1 set
OPERATIONS :
Ops . Dependent $/Placement
Ops . Independent $/Active Year
Repair
Refurbishment Only
Refurbishment with Exper.
«ty
S/C
2
1
1
1
1
1
1
2
2
1
1
4
Weight
(Ibs)
210
64
153
85
89
98
75
216
152
234
120
4o4
-
1900
_
2090
425
i4o
4555
_
502
20kO
2465
K&D Cost
($M)
3.^ 11
2.901
2.884
6.073
3.528
I0.l4o
3.59^
0.828
1.803
1.328
1.857
2.716
4i.o63
36.500
8.000
13.100
_
98.663
_
_
_
-
Unit Cost
($M)
1.820
.566
-753
1.058
.699
1.479
0.934
0.460
0.432
0.150
0.233
1.576
I0.l6o
2.650
1.24o
5.100
_
19.150
7.622
_
0.658
2.323
-
Operations
($M)
-
_
_
-
_
_
$A 0.850
_
_
$ 2.650
2.900
0.146
0.44o
-
R&D Phase : 3 Yrs.
Investment Phase: 2 Yrs.
P/L Cost Confidence : Good
R&D Spread : 50$ Time at .4 Cost
Inv. Spread: 50$ Time at .5 Cost
Fig. 6-5 Cost of Typical Mission-Peculiar Payload (Astronomy Explorer) - Case D
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6.11.1.3 Spare Modules. The total payload cost is followed by the cost of one
set of spare non-redundant modules.
6.11.1.4 Repair/Refurb Module Costs. The unit cost of repair/refurbishment
modules are also listed. The repair cost includes only the limited module-
set required for onrorbit repair (at the costs given previously in Fig. 6-4).
The refurbishment cost includes a complete module-set for replacing all modules
in the spacecraft.
The weights given for repair, refurb, or refurb with experiments includes the
weight of all modules with expendable fluids included.
6.11.1.5 Operations Costs. The operations costs are indicated for: single pay-
load placement, one active on-orbit year, repair and refurbishment module
placements, and experiment replacement.
6.11.1.6 Other Data. At the bottom of the data sheet are shown the estimated
durations of the R&D and investment phases with their respective cost spread
functions. (The latter are discussed in the following section.) Also shown
is a judgment of the confidence placed in the particular mission cost estimates.
This judgment is based primarily on the amount of information and description
available about the mission and the experiment packages.
6.11.2 Mission-Peculiar Spacecraft with Standard Subsystems (Case E)
Figure 6-6 is a typical data sheet for missions where standard subsystems have
been applied to mission-peculiar payloads (Case E). It represents the same
NASA Mission No. 1 and is directly comparable to Fig. 6-5-
The module R&D costs have been prorated and the unit costs are sometime higher,
because standard modules with some over-capability are used in lieu of the
mission-peculiar modules.
The cost of mission-peculiar elements are identical to Case D. Also, all oper-
ations costs are the same as Case D.
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PEFO PAYLOAD DATA SHEET
Weights & Costs
ASTRONOMY EXPLORER
NASA No. 1. Case E
Subsystem
SCS
CDPI
Electrical
ACS
Propulsion
Repair
Qty.
1
1
1
1
Mod.
#
1
2
3
1
2-1
3-1
6
1-1
5
6
7
i
Qty/
S/C
2
1
1
1
1
1
1
2
2
1
1
4
Total Modules
Module S/C Integration
Structures, ECS, Other
Experiments (Case C)
Pr ope Hants & Gases
Total Payload
Spare Modules (N-R) 1 set
OPERATIONS :
Ops . Dependent $/Placement
Ops . Independent $/ Active Year
Repair
Refurbishment Only
Refurbishment with Exper.
Weight
(Ibs)
210
6k
153
85
89
98
75
216
152
234
120
4o4
1900
-
2090
425
l4o
4555
_
-
X
X
X
R&D Cost
( $ M )
$ 0.118
0.105
0.193
0.505
0.188
0.674
0.324
0.193
0.124
0.090
0.091
0.133
$ 2.738
36.500
8.000
13.100
-
$6o.338
_
-
-
-
-
Unit Cost
( $ M )
$ 1.610
0.601
0.872
1.058
0.699
1.479
1.357
0.518
0.508
0.177
0.274
1.576
$10.729
2.650
1.24o
5.100
-
$19.719
$8.229
_
-
0.669
2.439
-
Operations
( $ M )
_
-
-
_
-
-
-
_
-
-
-
-
-
_
-
-
$A x
-
_
X
X
X
X
—
R&D Phase :
Investment Phase :
P/L Cost Confidence :
x = Same as Case D.
Yrs. R&D Spread: 50$ Time at x Cost
x Yrs. Inv. Spread: 50$ Time at x Cost
Good Fair Poor
Fig. 6-6 Cost of Typical Mission-Peculiar Payload with Std. Subsystems
(Case E)
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The repair/refurbishment unit costs are slightly higher than for Case D because
the kit of replacement standard modules is based upon a nominally-increased cost
for the standard modules.
The spread functions assumed are identical to Case D.
6.11.3 Standard Spacecraft with Standard Subsystems (Case F)
Figure 6-7 is the data sheet for the NASA Mission No. 1 flown with a Standard
Spacecraft (Case F).
The module costs are identical to Case E.
The structure category R&D costs are prorated as are the module-S/C R&D inte-
gration costs .
All other costs are the same as in Case E with the exception of structure cate-
gory unit cost, which is non representative of the standard spaceframe utilized.
6.11.4 Cluster Spacecraft (Case G) .;•
The Cluster Spacecraft data sheet represented by Fig. 6-8 is for Cluster CSC-2.
It supports missions NASA No. 21, 25, 26, 75 and 77.
The standard module R&D costs shown include the prorated share for the five
missions.
The mission-peculiar elements of the spacecraft, including the experiments, are
costed separately. The experiments costs are the same as in all the other cases
(Aerospace Case C estimate).
Each Cluster has its own distinct operating costs and cost-spread functions de-
pendent upon the particular Cluster flown.
6.12 COST SPREAD APPLICATION AM) DISCOUNTING
In order to produce cost streams, or funding by year for the U5-mission model,
each cost category was spread for each mission; this operation was governed by
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ASTRONOMY EXPLORER
PEFO PAYLOAD DATA
Weights & Costs
NASA No. 1. Case F
Subsystem
SCS
CDPI
Electrical
ACS
Propulsion
Repair
Qty.
1
1
1
1
Mod.
#
1
2
3
1
2-1
3-1
6
1-1
5
6
7
1
Qty/
S/C
2
i
i
i
i
l
i
2
2
1
1
4
Total Modules
Module S/C Integration
Structures, ECS, Other SSC-1
Experiments (Case C)
Prope Hants & Gases
Total Payload
Spare Modules
OPERATIONS :
Ops . Dependent $/Placement
Ops . Independent $/Active Year
Repair
Refurbishment Only
Refurbishment with Exper.
Weight
(Ibs)
210
64
153
85
89
98
75
216
152
234
120
4o4
1900
-
2150
425
l4o
4615
_
-
' x
X
X
R&D Cost
( $ M )
(x)
Q)
CO
°
CO
aS
i
CO
111
11
1
$ 2.738
6.083
2.033
13.100
-
$23.954
_
-
-
-
™
Unit Cost
($ M)
pq
(D
CO
O
CO
a
i
CO
$10.729
2.650
1.270
5-100
-
$19.749
$ 8.229
_
-
x
X
™
Operations
_
-
-
-
-
-
-
—
-
-
-
-
-
_
-
-
$A x
-
_
X
X
X
X
™
R&D Phase : Yrs.
Investment Phase : x Yrs.
P/L Cost Confidence : Good
x = Same as Case E
R&D Spread : 50$ Time at
Inv. Spread : 50$ Time at
x Fair Poor
Cost
Cost
Fig. 6-7 Cost of Typical Standard Spacecraft with Std. Modules
(Case F)
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PEFO PAYLOAD DATA SHEET
Weights & Costs
CLUSTER MISSION
NASA No. 21, 25, 26,
75. 77
Case G
Subsystem
SCS
CDPI
Electrical
ACS
Propulsion
Repair
Qty.
1
1
1
1
1
4
Mod.
#
1
2
6
l
2 ,
3
6
4-2
6
7
(2)
l-l
Qty
S/C
2
1
2
2
1
1
1
2
8
1
—
4
Total Modules
Module S/C Integration
Structures, ECS, Other
Experiments (Case C) As Req'd.
Pr ope Hants & Gases
Total Pay load (Excluding Exper.)
Spare Modules (N-R) Set
OPERATIONS :
Ops . Dependent $/Placement
Ops . Independent $/Active Year
Repair
Refurbishment Only
Refurbishment with Exper.
Weight
(Ibs)
210
6k
520
170
78
91
75
850
1872
120
—
544
4594
-
4070
N.A.
4oo
9064
-
-
2106
4994
10534
R&D Cost
( $ M )
$ 0.354
0.315
0.579
1.515
0.564
2.022
0.972
9-540
0.270
0.273
2.337
0.399
$!9.l4o
46.000
19.900
N.A.
-
$85 .O4o
-
•
-
-
—
'Unit Cost
( $ M )
$ 1.610
0.601
2.600
2.116
0.620
1.493
1.357
8.480
1.4i6
0.274
-
1.600
$22.167
3.610
2.050
N.A.
-
$27.827
$12.325
-
.
$ 3.373
7.658
~
Operations
C $ M )
—
-
-
_
-
-
-
_
-
-
-
-
_
_
-
-
$A
-
_
$ 4.850
8.280
0.600
1.220
~
R&D Phase: 5 Yrs.
Investment Phase: 3 Yrs.
P/L Cost Confidence : Good
R&D Spread : 50$ Time at .2_
Inv. Spread : 50$ Time at .5
Fair x Poor
Cost
Cost
Fig. 6-8 Cost of Typical Cluster Spacecraft (CSC-2) with Std. Modules
(Case G)
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the spread functions and time spans shown on the individual mission data sheets
discussed in subsection 6.11.
6.12.1 Groundrules for Cost Spreads
The groundrules fed into the computer governing the mission cost-spreading were
as follows :
(1) R&D Costs - spread over a span of years prior to 1st launch year
as indicated on the mission data sheet utilizing the function
assigned.
(2) Experiment R&D repeat cost - spread same as basic R&D cost according
to the scheduled experiment repeats.
(3) Unit cost - spread over a span of years prior to the launch year as
indicated on the mission data sheet applying the function indicated.
(k-) Non-redundant module cost - spread same as the unit cost.
(5) Backup unit cost - spread same as the unit cost.
(6) Repair/Refurbishment Cost - charged in the year it is scheduled.
(7) Repair/Refurbishment Operations Cost - charged in the year it is
scheduled.
(8) Dependent Operations costs - charged in the year prior to launch.
(9) Independent Operations Costs - charged in each active payload/
experiment year as scheduled, including the launch year.
\
(10) . Transportation Cost - charged in the year as scheduled.
6.12.2 Spread Function Description
The spread functions utilized refer to the standard NASA spread functions.
For example, "50$ time at 50$ cost" with two-year time phase means: one half
the cost charged in one year and the other half in the following year. This
function was used primarily for all the investment cost spreads. The "50$ time
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at 14-0$ cost" and "50$ time at 20$ cost" were the two functions primarily used
in R&D cost spreads. The latter was applied in the case of long R&D phases.
6.12.3 Discounted Costs
Once the cost streams were derived for each mission and each case in undiscounted
1970 dollars, discounting was applied utilizing the 10$ social discount rate
based on year 1970. Both the discounted and undiscounted costs are shown in
printouts in Sub-sections 7-5 and 7.6.
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Section 7
DATA INTEGRATION AND COST SUMMATIONS/SPREADS
T.I OBJECTIVES. INPUTS/OUTPUTS
Upon completion of the capture analysis and detailed case-by-case cost data
sheets for each mission, an LMSC-developed computer program (STAR/ANNEX) was
utilized to integrate the data.
T.1.1 Objective
The objective of the computer program was to aggregate the overall program
costs and time-phased funding requirements on a mission-by-mission basis, in-
cluding transportation costs in terms of both the Shuttle and the Tug.
The STAR/ANNEX computer program provided rapid means for summation and eval-
uation of the designated cases, including expendable payload, refurbishable
payload, and late tug IOC variations.
T.I.2 Inputs to Computer
The inputs to the program were the results from low-cost and standard payload
designs, capture analyses, and cost analyses; coupled with specified unit trans-
portation cost and Shuttle/Tug performance data from NASA.
T.I.3 Computer Output Data
The outputs of the computerized data integration, by mission, were:
(1) Shuttle and tug flight schedule
(2) Payload vs Shuttle volumetric incompatibilities
(3) Least-cost transportation mode
(U) Payload program costs by major cost category, time-phased
(5) Transportation costs, time-phased
(6) Total costs by year
(7) Discounted costs
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7.2 "STAR/ANNEX" COMPUTER PROGRAM DESCRIPTION
The computer program utilized for data integration was "STAR/ANNEX". The Space
Transportation Analysis Routine (STAR) computer program was developed internally
by IMSC in support of reusable transportation system studies such as Space Tug.
Recently IMSC modified STAR by the addition of the ANNEX subroutine in order to
support the NASA MSFC Space Tag Economics Analysis Study.
STAR combines tug design parameters and costs, determines performance and tug
physical characteristics. ANNEX introduces payload design, payload cost para-
meters and mission model schedules. It combines payload data with specific
tug data to generate overall transportation schedules and costs, payload costs,
and performs the discounting.
The interrelationship of STAR/ANNEX, the functions each performs, and the flow
of the program is illustrated in the diagram in Fig. 7-1.
7.3 TRANSPORTATION CAPABILITIES AND LIMITATIONS
The Shuttle and Space Tug costs and performance data were provided to IMSC by
NASA for use in this study.
7.3.1 Shuttle Tug Selection and Performance
The Shuttle performance was defined as 65,000 Ibs to 28.5°, 100 nm with a 15'
x 60' payload bay.
The reusable Space Tug was stipulated by NASA as the Aerospace OOS-C. Its
performance was determined by the LMSC STAR program.
For reusable tug late-IOC cases, IMSC was directed to use Agena/Centaur as ex-
pendable tugs prior to 1985.
7-3.2 Special Conditions
From the operational standpoint, specific assumptions were made by IMSC with
regard to additional weight penalties imposed upon the Shuttle and the reusable
tug.
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TOTAL MISSION
MODEL COST
SPREADS AND
SUMMARIES
BY CASE
Fig. 7-1 "STAR/AIMEX" Computer Program Flow Chart
7.3.2.1 Payload Support Equipment. For all missions, the Shuttle was required
to carry 2500 Ibs composed of: manipulators, 1800 Ibs; on-board checkout equip-
ment, 450 Ibs; and module storage racks, 250 Ibs.
7.3.2.2 Tug Support Cradle. In addition, on all Tug missions, the Shuttle was
penalized with 800 Ibs of Tug cradle and supports.
7-3.2.3 Spare Modules for Payload Placement Missions. For payload placement
missions utilizing the Tug, the Shuttle was required to carry one set of spare
non-redundant payload modules for repair of failures occurring in launch/ascent
to LEO. The weight of the module set varied with the mission supported.
7.3.2.U Special Equipment for Syneq Orbit Repair/Refurb. The Space Tug as- .
signed additional weights for special equipment required during repair or re- i
furbishment missions in Syneq orbit. These consisted of: manipulators, 750
Ibs; payload module rack and electric harnesses, 150 Ibs.
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7-3-2.5 Repair/Refurb Modules. The specific repair/refurbishment module weight
was inputted as a separate weight for each mission.
7.4 INPUT DATA FILE SUMMARY
7.4.1 General
Data generated during the design, capture, and cost analyses were provided as
inputs to the STAR/ANNEX and coded to allow collection into an input data file
for each case at the mission level.
7.4.2 Typical Computer Printout
Figure 7-2 is a sample printout of the NASA No. 2 mission, Radio Astronomy Ex-
plorer, data file for Case D. This is the low cost design, refurbishable,
mission-peculiar-modules-and-spacecraft case utilizing reusable tug with 1979
IOC.
The data file shows the payload dissipation, destination, flight schedule,
weights and costs as input prior to mission data integration.
7.4.3 Use of the Data
The compilation of these data in the computer data bank provides a ready refer-
ence of design, schedule, and cost data for an entire mission model or portions
thereof. Selective data access is available to any mission or combination of
missions with summation printouts. Changes to the basic data in the bank can be
early mode.
7.4.4 Alternate Data Files
The mission data file also includes an alternate set for the Cases D-l and E-l;
these are the late-tug IOC cases. The main differences result in the capture
analysis of those missions which require a tug prior to 1985. All other mis-
sions are the same as Case D.
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7.5 TYPICAL PROGRAM COST OUTPUTS
A typical output of the STAR/ANNEX program at the mission level is shown in
Fig. 7-3- This is the total program cost, time-phased, for NASA Mission No. 2,
Radio Astronomy Explorer.
7.5.1 Transportation Charges
At the top of the tabulation, the designated Space Tug, its user charge and the
Shuttle user charge (each on a per-flight basis) are shown. This particular
tabulation shows $7-3 million as the Shuttle users charge. Although re-runs
have not been made, an alternate cost of $10.5 million has been substituted
and alternate cost summaries have been derived for both Shuttle users cost per
flight.
7.5.2 Undiscounted/Discounted Costs
The costs are shown broken down by major category in both undiscounted form and
discounted at 10$ rate.
7.5.3 Quantity and Cost Shuttle/Tug Flights
The printout shows the quantity of Space Shuttle and Tug flights required by
year. The transportation costs are a part of activity level dependent costs
(OPS DEP) and are summarized separately below that column.
7.5.4 Total Mission Cost
Totals by cost category for the entire mission are shown at the bottom of the
printout.
7.6 TOTAL COST SUMMARIES FOR MISSION MODEL
The total cost summaries present the costs for the entire mission model. The
format is the same as the individual mission summary, except that in addition
to the number of Shuttle and Tug flights, the number of payload placements and
retrievals is also shown. All cost data presented following include the total
costs for the 45-mission model.
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7.6.1 Case D Costs
Figure 7-^ presents the total cost summary for the mission-peculiar, refurbish-
able payloads, Case D.
7.6.2 Case E Costs
Figure 7-5 is the total cost summary for the standard-module refurbishable pay-
loads, Case E.
7.6.3 Expendable-Payload Costs - Cases D-2 and E-2
Figures 7-6 and 7-7 are the total cost summaries for the expendable-payload
cases D-2 and E-2, utilizing mission-peculiar and standard modules, respectively.
7.6A Delayed-Reusable Tug Costs - Cases D-l and E-l
Figures 7-8 and 7-9 show the total cost summaries for the delayed reusable Tug
IOC cases. Case D-l in Fig. 7-8 is the mission-peculiar payload, late tug IOC
case. Case E-l (Fig. 7-9) represents standard-module payloads with a 1985 tug
IOC.
7.7 COST SUMMARIES BY CASE
7-7.1 Alternative Cost Summaries
The data presented following show two alternative costs :
(1) One set of costs includes transportation costs resulting from use of
$7-3 million per flight as the Shuttle users' cost; this was the
figure provided by NASA/HQ for use in the study and represented the
then-current estimate for the baseline 2-stage fully-reusable
Shuttle (Recoverable manned booster and orbiter).
(2) The other set of costs includes transportation costs resulting from
use of $10.5 million per flight as the Shuttle users' cost. This al-
ternate figure was provided as the new WASA/HQ estimate of the most
recent solid-rocket-motor boosted manned Orbiter version of the Shuttle,
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Because of the late receipt of the alternate cost (March, 1972), the computer
runs could not be repeated to obtain detailed cost streams. However, the sum-
mary cost data have been elaborated to include both the initial and the alter-
nate Shuttle costs.
7.7.2 Cost Summary by Case for $7.3 Million Shuttle
The comparison of the costs for the eight cases analyzed is shovn in summary
form on Fig. 7-10. Also shown is baseline Case A, which summarizes the cost
data from the Aerospace Final Report, Contract NAS ¥-2129.
The costs represent the ^5 programs, which constitute almost all the NASA and
Non-NASA missions in the model with the exception of the outer-planet missions,
The range of total program costs for these ^5 missions extends from the base-
line case of $19.8B to the standard hardware Cluster-Mix of $12.9B.
The corresponding range for the payload-only costs is from $l6.2B to $9.OB.
Transportation for the nine cases shown ranges from $3.6B to $4.5B.
Another look at the total program costs is shown in the bar graph, Fig. 7-11.
In total, the standard-subsystem Cases E, E-l, and E-2 cost $700 million less
than the equivalent mission-peculiar cases D, D-l, and D-2. This is due to
$900M savings in ^ 5 program R&D costs and $200M dissavings in investment costs.
The operations costs and transportation are constant for the corresponding D
and E cases.
The Standard Spacecraft Case F represents further cost reduction of $600M as
compared with standard-subsystem cases. $400M of these savings results from
R&D savings and another $200M is saved in transportation.
The Cluster-Mix (Case G) reduces the total program cost an additional $^ OOM as
compared to standard spacecraft. These savings represent $200M reduction in
investment costs, $300M reduction in transportation, and $100M increase in R&D.
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7-7-3 Cost Summary by Case for $10.5 Million Shuttle
Similar data to those presented in 7-7-2 are shown in Fig. 7-12 and 7-13 for
the alternate Shuttle-cost condition. The increase in Shuttle transportation
costs ranges from $1.5 billion for Cases D-l and E-l C+80 flights) to $1.8
billion for Cases D and E (568 flights). This increase in transportation cost
represents a direct loss in potential program cost savings.
Although significant savings will still be realizable with low-cost standard
hardware, the increased Shuttle costs have the following specific effects on
the ^5- mission totals:
a. Low-Cost Refurbishment Savings (Case D)
Savings are decreased from $5.2 billion to $3.U billion.
b. Standard Subsystem Savings (Case E)
Savings are decreased from $5-9 billion to $U.l billion.
c. Standard Spacecraft (Applied to LEO only - Case F)
Savings are decreased from $6.5 billion to $U.7 billion.
d. Cluster Spacecraft (applied to LEO only - Case G)
Savings decreased from $6.9 billion to $5.2 billion.
7.8 LEO MISSION COST SUMMARIES BY CASE
Because the Standard Spacecraft and Cluster Spacecraft were applied only to LEO
missions, a cost comparison of all cases was made for the 15 LEO missions. The
following paragraphs provide cost comparisons among the various cases.
7-8.1 LEO Missions with $7.3 Million Shuttle
Figure 7-1^  tabulates the various costs using $7-3 million per Shuttle flight
for Shuttle transportation. The baseline Case A costs were taken from the Aero-
space Final Report to correspond to the particular missions analyzed here.
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The cost trends on the LEO-only missions are similar to the total (U5 missions)
results:
a. Standard Subsystems (Case E). The standard subsystem application rep-
resents savings of $200M-$300M over the mission-peculiar cases. The
savings on one-third of the total mission are about one-third of the
total.
b. Standard Spacecraft (Case F). The Standard Spacecraft provides further
savings of $600M on the LEO missions, which are the same savings re-
ported in the total mission model discussion. The computer summary of
LEO missions, payload costs only, for Case F is shown as Fig. 7-15-
c. Cluster Spacecraft (Case G). The Cluster Spacecraft case saves an ad-
ditional $1*OOM, which is consistent with the ^5-mission results.
d. Total LEO Missions. In total, the LEO missions costs are reduced by
$i|.8B by the Cluster Spacecraft as compared to the baseline Case A.
This represents a 53$ saving.
7.8.2 LEO Missions with $10.5 Million Shuttle
Figure 7-l6 presents data on the same 15 missions as previous Fig. 7-1^ - Trans-
portation costs are increased as a result of the alternate cost per flight for
the Shuttle; the increase totalled for the LEO missions is approximately $0.5
billion for all cases, except G (Cluster, which is about $0.3 billion.
Because the payload costs remain constant, the cost savings are reduced direct-
ly by these increased Shuttle costs. However, the net savings remain at a sig-
nificant level:
a. Standard Subsystems - $3.U billion savings
b. Standard Spacecraft - $U.O billion savings
c. Cluster Spacecraft - $U.5 billion savings
7.9 TRANSPORTATION COST SUMMARIES
The STAR/ANNEX Program provided summaries of transportation support requirements
for each case examined; these requirements in terms of numbers of Shuttle and Tug
flights and transportation costs are discussed in paragraphs following.
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7.9.1 Type/Quantity of Flights and Costs with $7.3 Million Shuttle
Figure 7-17 is a tabulation of the quantity of flights for Shuttle, Reusable
Tug, and Expendable Tugs (Agena/Centaur). The summation transportation cost
for each case is also shown. The sub-groupings within Cases D and E (mission-
peculiar spacecraft and standard subsystems, respectively) are the same.
In Cases D-l and E-l, the late Tug IOC, the total transportation costs increase
due to the quantity of expended Agenas and Centaurs, despite the reduction of
refurbishment, repair, and revisit flights.
In cases D-2 and E-2, the expendable payload cases, transportation costs de-
crease due to elimination of repair, refurbishment and revisit flights. These
savings, however, are offset in the total by the loss of payload reuse benefits.
Also, non-monetary benefits of experiment adjustment and revisit (available with
Shuttle) are lost.
In Case F (Standard Spacecraft), certain medium-energy missions which used
Standard Spacecraft were lowered to direct-delivery Shuttle altitudes, thus
reducing the number of Tug and Shuttle flights required.
In Case G, (Cluster-Mix), a further reduction in Shuttle/Tug traffic resulted
from the combination of several experiments on a single cluster spacecraft and
revisiting this single spacecraft for repair/refurbishment coincident with ex-
periment replacement/update.
The total recurring transportation costs, in billions of 1970 dollars, for the
U5-program model are shown in Fig. 7-18. The costs are further subdivided to
indicate the portion attributable to the low-earth orbit (LEO) missions. The
baseline Case A costs shown were extracted directly from the Aerospace Final
Report, and do not represent LMSC's estimates of expendable transportation
costs.
These data in Fig. 7-l8 show that 75$ of the costs are associated with the
transportation of the high-energy missions despite the fact that these missions
comprise only 2/3 of the model examined. This is due partially to the fact
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that the high-energy missions with low-cost payloads require multiple Shuttle
flights for retrieval, and partially due to the added costs of utilizing the
Space Tug. Transportation appears as a. major contributor to the overall space
program costs, even with a reusable system.
7-9-2 Type/Quantity Flights and Costs with $10.5 Million Shuttle
Figures 7-19 and 7-20 contain data directly comparable to previous Figs. 7-17
and 7-18. The quantity of flights are the same, but a higher transportation
cost is shown on Fig. 7-19- The bar chart on Fig. 7-20 also shows the cost
increase impact of the Shuttle per-flight cost of $10-5 million.
Space Shuttle
Flights
Reusable Tug
Flights
Agena/
Centaur
Cost $M
D
568
1*29
6,221
D-l
1*80
209
178
6,037
D-2
522
325
5,676
E
568
1+29
6,221
E-l
1*80
209
178
6,037
E-2
522
325
5,676
F
550
35^
5,998
G
512
351*
5,589
Fig. 7-19 Transportation Requirements & Costs ($10.5M Shuttle)
(1*5 Programs)
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